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ABSTRACT ' , 

This publication is written for those researchets who 
are interested in the use of radionuclides and radiation in the 
animal science field. Part I, presents topics intended to provide' the 
theoretical base of radionuclides which is important in .order tp 
design an experiment for "drawing maximum information from it. The . 
topics included in this division arel aspects of ionizing radiation, 
its detection and measurement, its associated hazards, and some 
common applications. Laboratory exercises in this ’ division are 
designed with an "aim to provide basic and some advanced skills in 
this ,area. Part II, entitled Applied Part, provides a number of 
detailed practical situations for the use of radionuclides and 
radiation. There is a small section devoted to exercises on the 
preparation of radionuclides and procedures with animals. It' should 
provide_a systematized course of study for a training program for 
persons in the field. (Author/PS) . o , 
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The iise-of radioni^clides radiation has proved lo be a powerfiJl tool 
in the^ agricultural .sciences. This manual is designed to give llie agri- 
cultural researcher the basic terms and principles necessary fcr under- 
standing ionizing radiation, its detection and measurenient, its associated 
hazards, and some of the more common applications. Basic laboratory ex- 
periments to illustrate this purpose are included. Such understanding is 
.necessary if one wishes to gain the most information from the use of radio- 
nuclides and to design research experiments for the greatest effectiveness. 
Itis expected that each user of this manual will have had education. in basic 
chemistry, physics,' mathematics and statistics as well as his agricultural 
science speciality. ^ ' 

The further progress of each user will depend on his need and desire 
to expand his learning by additional reading and training, A list of useful 
references is included. ^ ^ 

Tlie Food and Agriculture Organization of the United Nations (FAO) and 
’the Intet'national Atomic Energy Agency (IAEA), in c.o- ope^ration with the 
Government of the United States Qf America, Cornell University and Colorado 
^State University, have jointly sponsored several international training 
courses on the use of radionuclides and radiation in animal research. 

Outstanding scientists from various countries have given lectures and 
devised and conducted the laboratory exercises. Research workers from 
alh ov^er the world have attended these courses in order to apply this ex- 
perience in their own countries. * w 

Tlie applied part of this present manual, containing a series of detailed 
laboratory exercises in the use of radionuclides and radiation in animal 
sciences, represents, the efforts of the various instructors who have pai-ii- 
cipated in these training courses. 

The first edition, of this manual', published in 1966, followed a similar 
manual (Technical Reports Series No. 29) on soil-plant relations research. 
Since then other manuals (Technical Reports Series No.Gl, on entomology, 
and No. 114, on food irradiation technology and techniques’) have appecai'ed 
in this series jointly published by FAO and IAEA. 

The second> edition of the present manual, published in 1968, was 
enlargecj by the addition of several exercises in the/jbasic part. 

FAO and IAEA would like to thank-all scientists who contributed to the 
success of the training courses in animal research and in .particular 
Dr. Cyril iL. Comar i<hd Dr. Franpis A.'Kallfelz of Cornell University, who 
prepared the applie’d part of the first ^edition of this manual from lectur*^>s 
given by them and other scientists. during the courses. For the additionjil 
exercises in the second ^edition- thanks are due to Dr. W. Mulligar; of 
Glasgow Univei'sity and Dr. F. Lengemann of Cornell University. 
Dr. James E. Johnson'of Colorado. State University revised both the basic 
part and applied part of this third edition. 
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SOME BASIC SYMBOLS AND UNITS 
FREQUENTLY USED IN THIS TEXT 



Time (in general) 




t 


Number of radioactive atoms 




N- 


Radioactive decay constant 






Radioactive half-life 






Radioactivity or activity 




A 


Gamma -ray intensity 




I 


Number of recorded counts 






Count rate 




, - r 


Unit of' count rSlte 


H. 


cpm (counts per minute) 


Count rate of background » 






Count rate of sample plus background 




Approximately equal to ' 






Tracer radioactivity 


* • 


R 


Amount bf stable tracec 


• 


S 


Specific activity (R/S)’ 
Units of specific activity 




a ■ ' 




^ MCi/g, cpm/g 


Biological half-i^fe 




Tjb. • 


BiologicaTrate constant 




k 


Exchange rate 




P 
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LECTORE MATTER 



1. PHOPEirriKS OF HADIONtCI-IDFS AND HADIATIOXS 

1,1. Atomic model; definitions » 

; T" i — ^ ' 

Hadioactivc atoms liavc unstable nuclei. To understand the reasons 
for tliis instability, it is necessary to describe the structure' of atoms. 

An atom is composed of a positively- charged nucleus which is surrounded 
by shells of negatively charged (orbital) electrons. The nucleu.s contains 
protons and neutrons (collective^ ly termed nUcleons) as its major componenfs 
of mass. Protons are positivel^^^harged and have a mass of 1.007277 atomic 
mass units. Neutrons .have no charge and a mass of 1.008665 atorriic mass 
units. Nuclei have diameters of approximately 10’^'*^ cm; the diameters 
of ;^tojr»s, which include the orbital electrons, are approximately 10*^ cm 
or I AngstrOm unit. 

The number of protons in tlie nucleus (Z) determines tlie number of 
electrons and hence the chemical nature of the element. The atoms of a 
particular element may, however, not all Iiave the same number of neu- 
trons in the nucleus. Atoms .that have tlie same /. but different neutron 
numbers are called isotopes, because tliey occupy the same place in the 
periodic chant. Isotopes, therefore, Iiave identical chemical properties. 

As the protons and neutrons represent the major part of the mass of 
the atom and each has an atomic weiglit close to unity, the mass number 
I^T, which is the sum of tlve proton and neutron number, is close to the 
atomic weight. Nuclides (any species of nuclei) are described symbolic- 
ally by the designation 
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where X is the cliemical symbol for the element. * 

Nuclei are held together* by attractive forces between the nucleons 
which balance the coulombic repulsion of'protons. However, the attractive 
forces are of shorter range than the repulsive forces 'and therefore as;, the 
atomic number increases, the number' of natrons must increasingly exem-d 
the number of protons. The neutron to proton I'atio in the .nucleus is the 
parameter which pa'irnaf-ily describes the stability' of the nucleus. As the 
atomte number increases, a point is eventually readied wliere addition 
of neutrons is not sufficient to overcome the I'epulsive forces and above 
Z = 83 (bismuth) all nuclei are unstable or radioactive. There is also a 
more or less well-defined optimum neutron to proton- ratio for stability 
of each element. In' general, isotopes which have a neutron to proton ratio 
greater than or less than the stable value for that element are radioactive. 
All species of radioactive nuclei are called radionuclides. 

Radionuclides disintegrate spontaneously, each at'a q.harc\cteristic 
decay rate. Radioactive nuclei, upon disintegration, may emit alpha (o) , 

or beta (/I) particles as well as gamma (y) rays. These are termed 
ionizing radiations. Alpha particles are doubly ionized He nuclei ( 2 He), 
and alpha decay is characteristic of tlie radioactive heavy elements occur- 
ring in nature. Beta particles are electrons of either negative (/I") or 
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positive (3^) charge, white gamma-rays are electromagnetic radiation of 
very short wavelength. The energy of electromagnetic radiation is con- 
centrated into packets termed photons . 

An example of o -decay is given by the following nuclear reaction 

^ ^§tria > ^He »+ ^pRn + Q (energy) 

/ ■ 

The total energy Q of a nuclear reaction is calculated from the decrease 
in atomic mass substituted in the equation of Einstein E = mc^,. where m 
is the mass and c is the velocity of light. Since momentum is conserved, 
the a -particle in this case receives the. majority o^ the kinetic energy. 

An excess of neutrons in a nucleus (generally for the lighter elements) 
can result in 3* decay. An example is 









-i'- 



+ 24 Mg + Q 



In this case, a neutron in the ^Na nucleus is transformed into'a 
proton resulting in an increase in Z number. 

A deficiency of neutrons in the nucleus may be counteracted by. the 
emission of a positron. An example is 



Zn 



e + §§Cu + Q 



X In this case, a proton in the ggZn nucleus is transformed into a neu- 
tron, resulting in a'decrease in Z number, 

A deficiency of neutrons in the nucleus may alternatively be increased 
by the capture of an ohbital electron. This is termed electron capture (EC) 
or, commonly, - K capture as it describes capture of the K electron. An 
example is 



38^*" 



-r 



8?Rb 



+ Q 



^ This process is accompanied by the emission of characteristic X-rays 
since the hole in the K shell must be filled by an electron, etc. 

After the ejection of a particle, or K capture, the energy, of the result- 
ing nucleus may not be at its ground state. , The excess .energy of this 
"excited*' nucleus is entitled as one or morey-rays. 

A 7 -ray may interact with an orbital electron in the decaying atom 
whereby the electron is ejected from the atom and the photon ceases to 
exist. This process results in the combined emission of a fast electron 
and a characteristic X-ray and is known as internal conversion . 

In some instances, two alternate modes of decay of the nucleus may 
occur. An example is 



4Qt^ 

19*^ 



-1 



e + 



^oCa 0 ' 



decay, 82% of disintegrations) 



K + 






40 a 
10^ 



(EC, 11% of disintegrations) 



In the'case of the EG mode a y-ray also results. 
f In nature, a number of radionuclides are known and many more can, 
be produced artificially by nuclear fission, by neutron activation or by 
particle accelerators. • • 
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Summarizing, radionucUdes will emit particles and/or electromagnetic 
photons of the following nature; 

doubly positively charged particle, containing two 
neutrons and two protons and originating at high speed 
from the nucleus; 

high-speed electron from the nucleus, negatively charged; 
high-speed positron from the nucleus, positively -charged; 
electromagnetic ener^ packet coming from the nucleus 
at the speed of light; . ^ 

electromagnetic energy packet coming from an electron 
shell ^it the speed of light, , following K capture or 
eternal 'conversion; 

(internal conversion electron) electron emitted as a result 
of the interaction between a 7 - ray and a valence 
electron; 

particle with no charge and a mass close to that of a 
proton . : 



1 . 2 > Radioactive decay 

The decay of radioactive atoms is comprised of individual random 
events. However, if a sample contains a sufficiently large number of atoms 
of a radionuclide, their average statistical behaviour can be described by 
precise laws. The radioactive decay law Is developed as follows; « 

L^t N = the number of radioactive atoms of a given radionuclide present 
at any time t. The rate' of decay dN/dt Is proportional’ to the number of 
atoms present or 



' O' -particle 

/3^-particle 
P -particle 
7 - ray photon 

X-ray photon 



I.C. electron 



Neutron 



dN 

ii 



-XN 



( 1 ) 



where X Is the proportionality constant, termed the decay constant. The 
sign is negative because the number N decreases with time. 

Rearranging Eq.(l) to solve for X 



dN/dt dN/N . 

N ■ dt 



( 2 ) 



or the decay constant is the fraction of radioactive aton s that decay per 
unit time . 

Equation (l) may be integrated (the steps In this equation are given 
in Appendix I) to give 

«* 

N = Noe-^ ■ (3) 



where No is the number present at any starting time and N Is the number 
remaining after a period of time t; e is the base (^'natural logarithms. 

It can be seen from Eq.(3) that the decay of radioactive atoms is 
exponentlikl with time. Also, it follows that the time for Nq to be reduced 
to I its Initial value is a constant independent of Nq . 
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Let No be reduced to JN^ in time t termed the half-life or , Thor. 
, from Fq.(3) . ^ 

\ 



) 



l-No= Noe-'^i 



1 

2 = " 



\T. 



Inverting and taking the„natural logarithm of both sides: 
^ >Tj = - In 1 = 0,693 



(‘i) 

♦ 

(5) 



(fi) 



Thus, the decay constant and the half-life are constants, and are 
characteristic of a given radionuclide. The T^ has units of. time and the 
decay constant that of reciprocal time . . 

Since the disintegration rate, dN/dt, is termed the radioactivity or, , 
simply, activity (A) cf the sample, A = >N, one can write from Eq. (3): 



A = A^e'^^ 



(7) 



The half-life of a radionuclide may be determined graphically by plot- 
ting the disintegration rate (as determined by a suitable counting instrument) 
versus time bn log-linear co-oi*dinate paper. Referring to Eq.(7), if one 
takes the natural logarithm of both sides the result is 



In A = In Aq - >t 



converting this to common logarithms this becomes 

-> t 



log A = log Ao , 0 ^ 



Therefore, plot of A on the log co-ordinate versus time on the linear 
co-ordinate will be a straight line with a slope of ->/2.3. This is graphic- 
ally illustrated in Fig.l. 

The unit of activity is the curie (Ci) defined as equal to 3.7 X 10^° 
disintegrations per second or 2.22 X 10^^ disintegrations per minute. 



Thus, 1 curie 
1 millicurie 
1 microcurie 
1 nanocurie 
1 picocurie 



(Ci) = 2.22X 1012 dis/min 

(mCi) = 2.22 X 10^ dis/min 

(MCi)- = 2,22 X 10® 

(nCi) = 2.22 X 10® 

(pCi) = 2.22 



dis/min 

dis/min 

dis/min 



■( 



In practice, radionuclides will often be accompanied by variable 
quantities of stable isotopes of that element. The stable form is called 
the carrier. Specific activity is the term, used to. describe the ratio of 
radioactive atoms to carrier atoms. The specific activity is defined as 
the total activity of a particular radionuclide per unit mass of its element 
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FIG 1. Decay curve of a sinv;le radionuclide. 



or comp' ind. Common units are^Ci/g or ^Ci/mmole. . The specific 
activity of ’’carrier free” activity (that is all the atoms of the 'element 
present are the same isotope) can be calculated as follows 

- - - ‘ y'y 

A O^Ci) = XN (^rCi) 

Divide both sides by N, the number of atoms; the result is specific 
activity inpCi per atom 





N (atom) ' ’ 

If N° is Avogadro»s numbe^ rand M isPthe molecular or atomic weight, 
then specific activity may be expressed as pCi per gram 



Specific activity = A(pCl) X N^(atoms mole^^r ^ ^ >Ci) 

^(atoms) X M(gram . mole“^ ) ^ A (gram) 



(8) 



An example of the production of carrier free and non-carrier free 
activity will be given in Section 1.4.4. 

1.3. The energy of radiations 



ated 



The energy ^nit used with regard to radiation is the electron volt (eV). 
This is , equivalent to the kinetic energy acquired by an electron accelerated 
through a potential difference of one volt. The most commonly used 
multiple is the unit MeV or million electron volts (10® eV). One MeV is^ 
equal to l.B X 10'® -ergs. 

The kinetic energies of the particles and photons emitted by radio- 
nuclides have characteristic values. The energies of n-partlcles and X- 
or 7 -rays are constant or iscrete. The energies of /3-partlcles, how- 
ever, ejected by a given radionuclide vary from zero up to a certain maxi- 
mum energy ) that is available to the /3- particles. This- is because 

a variable part of 5 max is taken away by a neutrino in every 0- particle 
decay. Neutrinos cannot be detected by ordinary methods as they have 
no charge and essentially no mass. As a consequence, the 0-partlcles 
show a continuous spectrum of energies from zero to . The 0- 



energles given in a table or chart of nuclides are 
0-partlcle energy is usually about one-third Ej„^^ 
electrons on the other hand are monoenergetlc. 



E max values; the average 
. IntQrnal conversion 



15 



^ 4 
* » / 



7 




FIG. 2. [3ecay schemes showing chaiactefistic radiations and energies of four different radionuclides. 
IT = Isometric transition. Different types of the same nucleus are called isomen. 

EC :: Dectron capture. K capture. 



The chancier istic radiations and energies for a given radionuclide 
are often sho^ in the form of decay schemes. Examples of the decay 
schemes of four commonly used radionuclides are shown in Fig. 2. 

1.4. Interaction of radiation with matter 



1.4.1. ' Interaction of alpha particles with matter 

The a -particles ejected from any particular radionuclide are mono- 
. energetic. Their initial kinetic energies are in the order of several MeV ’ 
and, since ionization potentials and bond energies are in the range 1-12 eV, 
the o -particles are capable of causing Ionization as well as electronic 
excitation of the atoms or molecules along their path. Ionization Is com- 
plete removal of the valence electron and excitation Is raising electrons 
to higher energy levels In their orbits.* Since the valence electron particip- 
ates In any chemical bond of the atom. Ionization destroys the integrity 
of that bond. Alpha particles are doubly charged and of comparatively 
heavy mass and, therefore, form a dense track of Ion pairs (i.e. ejected 
electi*ons and positively charged Ions) along their path. Therefore, they 
lose energy relatively rapidly In matter by these processes. As the 
o -particle dissipates Its energy along Its path the velocity of the particle 
decreases and at zero kinetic energy the particle acquires two electrons 
from its surroundings and becomes a helltun atom. The range , i.e. the 
distance that an o-partii^le can penetrate Into any matter (absorber) depends 
on the initial energy of the particle and the density of the absorber. The 
range of an or-particle is relatively small and amounts to several centimetres 
in air and several microns (10 mm) In tissue for energies in the order 
of 1 - 10 MeV. 

1.4.2. Interaction of beta particles with matter 

Beta particles lose energy In matter^ by ionization and excitation just 
as do o- particles. The mass of the p-particle, however, is only 1/7300 
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ABSORBER THICKNESS (mg/cm<) 



F1G^3^ Curve dcmoniiriiing the irinimiticd a-radiitioii as a function of absorber thickness. 
1 = Interuity of trarumltied e-radiaiion. . 

B = Bremuirahlung compenem (and y-ray component). 

R = Approximate range of B-pariiclei in absorber material. 

- / 



of the mass of the a-particle and 0- particles have only unit charge. They 
will, therefore, scatter more, penetrate further into matter and produce 
a less dense track of ion pairs than will o-particles. The range of 
0-particles in matter is also a function of the initial energy of the particle 
and the density of the absorber*, but this range is not so well defined 
because of the zig-zag path (due to scattering) of the electron. The range 
of 0-particles of 1 MeV initial energy is approxiyiately 300 cm in air and 
0.4 cm in tissue. 

Because of the fact that 0-particles have a continuous spectrum of 
energies up to Eitax * their absorption in matter is approximately exponential 
with absorber thickness. Therefore, when the 0-radiation transmitted by 
an absorber is plotted as a function of absprbbr thickness on semi- log 
paper, a fairly straight line is obtained over a portion of the curve (Fig. 3). 

The curve becomes reasonably flat at R, approximately the range 
for 0-particles with . Although nearly all the 0-particles are stopped 

by this thickness of absorber, one still finds transmission of radiation, 
because the 0 -particles interact with the adorns of the absorber giving 
rise to non-characteristic X-rays, or brernX^trahlung. In addition, any 
Y-rays will contribute to this component. By subtracting this component 
from the composite curve, the pure 0-transmission curve I is obtained. 

Positive 0-particles, termed positrons, lose their kinetic energy in 
matter in exactly the same manner as negative 0-particles. However, 
when the kinetic energy of the positron has been reduced to zero by ioniza- 
tion and excitation, the positron is annihilated together with an electron 
giving rise to two annihilation photons of 0.51 MeV each. (0.51 MeV is 
the equivalent energy of the rest mass of an electron.) 

Absorption and scattering of 0 -particles are important in their 
measurement in samples. Absorption and scattering will occur in the 
sample cover, the detector window, the walls of the shield, {he intervening 
air and in the sample itself. These effects will all influence the counting 
rate, self-absorption being the most important. This will be illustrated 
by Laboratory Experiment 1.4. 



1.4.3. Interaction of gamma rays arti X-rays with matter 



Electromagnetic radiation is considerably more penetrating thKn 
particulate radiation of the same energy. This is because the electro- 
/. magnetic radiation must first undergo an absorbing event to produce a 
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’,^&tondary" ionizing particle before its energy may be dissipated. Gamma 
fays will be absorbed in matter as a function of their energy, the Z, 



and the density of the absorbing material. ( 7 - rays and X-rays differ only 
as to their origin and interact identically in mattei-). Three types of 
absorbing event may occui*: » t 



( 1 ) Photoelectric absorption is predominant for low-energy 7 -rays 

and for absorbers of a high 7. material. The 7 -ray interacts w*ith a K or 
L electron of the absorber atom and ejects 'it from the ^rom wltli a kinetic 
energy equal to the initial 7 - ray energy minus the binding energy of that 
K or L electron. Thus, an electron is produced with kinetjc energy to 
produce ionizations and excitations along its path exactly in the manner 
of a /3-partlcle, . ^ 

In Fig. 4, the coefficient for photoelectric absorption is given for 
water as a function of 7 -ray energy. The absorption coefficient' is a 
measure of the probability of absorption. 

(2) Compton absorption is the interaction of the 7 -ray with an outer 
electron 6 f the absorber atom . Part of the Initial kinetic energy is trans- 
ferred to this electron and the 7 -ray'photon is scattered off In a new direc- 
tion at a lesser energy. As can be seen from Fig. 4', this effect is at a 
maximum in water for 7 -rays of about 0.5 MeV. The effect rises only 
slightly with Increasing Z. The electron ejected will produce ionization 
and excitation again exactly in the maimer of Ihe 3 -particle, 

(3) When the y-ray has an initial energy of 1.02 M or greater it 



may undergo pair-production absorption. In this proce , the y-ray inter 
acts with the positive field of the nucleus of the absorber atom and is 
completely annihilated producing a positron-electron pair. Since it re- 
quires 1.02 MeV for this pair formation, this is the threshold for thi.s 
event. Any y-ray energy above this required' 1 . 02 MeV is imparted as 
kinetic energy to the positron-electron pair. Both fhe positron and the p- 
particle cause ionization and excitation along their respective paths. The 
two 0.51 -MeV photons produced upon annihilation of the positron must be 
absorbed by Compton or photoelectric events or a combination of the two 
In Fig. 4 , the absorption coefficient for pair-production is labelled as K. 

Considering the above processes, a beam of monoenergetic y-rays 
is absorbed exponentially as a function of thickness of the absorbirtf^ 
material. For a beam of intensity I the change in intensity per unit 
absorber thickness, dl/dx, is proportional to the intensity of the beam. 



This is identical to the well-known I.^mbert-Beer law for attenuation 
of monochromatic light. The proportionality constant p is termed the 
total linearattenuation coefficient. Exactly analogous to radioactive decay, 
p is the fraction of the original Intensity removed from the beam per unit 
thickness. Equation (9) is identical to the radioactive decay law and may 
be integrated to give 



( 1 ) . photoelectric absorption 

(2) Compton absorption 

(3) pair-production absorption 
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I = loe-*^ 



( 10 ) 



where ^ ^ a 

and = total absorption coefficient 

- total scattering coefficient 

T = photoelectric absorption coefficient 

- Compton absorption coefficient 

K = pair-production absorption Coefficient . 

y 

Fig. 4 Illustrates these absorption probabilities for water as a function 
of . 

Again analogous to radioactive decay the thickness at which lo is 
reduced to one-half its initial intensify is termed the "half-thickness" or 
"half-value layer" (X^)._ • 



Xt 



0.693 

P 




An understanding of gamma -ray interactions is necessary in considera- 
tions of shielding, dose calculations and measurement of y-rays. 
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1.. 4.4. Neutron production and interaction with matter 

Neutrons have no charge and, therefore, cannot ionize directly. How- 
ever, they can produce ionization indirectly and* are generally considered 
in discussions of ionizing particles. 




FIG. 4. Linear attenuation coefficients for y-rays in water. 
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Neutrons ‘are produced by the fipsion reaction and the most common 
sources of neutrons are^nuclear reactors which control the fission chain , 
reactions. Neutrons can also be produced by small laboratory sources, 
and these'sources will be discussed in greater detail in Section 7.1. 

Neutrons lose energy and interact with matter by tjie following 
processes: 

(1) Elastic collisions. Neutrons of high initial energy "fast neutrons" 
interact with other nuclei in billiard-ball-like collisions, losing a fraction 
of theij* kinetic energy per collision. By this moderation process they 
eventually reach an energy which is the same as molecules in thermal 
equilibrium with their particular enVironment . Hence they are then termed 
"thermal" neutrons. The light elements, especially H, are the most efficient 
for this moderating process, 

A fast neutron undergoing an elastic collision with another atom or 
molecule will produce generally a fast-recoil ionized atom. This recoU 
ion^dllthen produce ionization and excitation along its path. * 

(2) Absorption reactions, i^"^Examples are given below of the four 
principal types of absorption reactions. These. occur predominantly w*ith 
slow or thermal neutrons: 



(n, 7 ) reaction. This type of reaction is used to produce many of the 
artificial radionuclides. In the example, the ^^^Co produced cannot be 
chemically separated from the stable ^^Co ifi the sample, and this is 2 
example of production of non-carrier free activity . 



(n, p) reaction. This is thfe reaction by which cosmic- ray neutrons produce 
activity in the biosphere. This reaction is also used to produce 
commercially and, since the can be chemically separated from the 
nitrogen compound in the sampK , it is an example of the production of 
carrier free activity. 



(n, fission) reaction. This illustrates fission of 235u ^wo fission 
fragments and tw*o additional neutrons. 



|n,Q-) reaction. This is a reaction commonly used to detect neutrons. 



2. RADIATION DETECTION 

The reactions that the various types of radiation produce in matter 
can be used to detect and to measure the radiation. Of these reactions, 
the most commonly used are ionization in gases, orbital electron 



. (a) 



[^Co + Jn > 



§?Co + 7 



(b) 



^5n + 




(c) 




(d) 



+ Jn > ^Li + a ■<- y ^ 
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excitation in solids or liquids and specific chemical reactions in sensitive 
emulsions. The most common types. of detection methods employing 
these mechanisms are described below. , 



2.1. Autoradiography 

This method is a photochemical process and the one used by Becquorol 
in 1896 in the discovery of .radioactivity. Ionizing radiations interact 
with the silver halide in photographic emulsions. When radioactive 
material is placed on a photographic plate or film, a blackening will be . 
produced on development of the emulsion. The blackeqed areas con.stitute 
a self-portrait" of the activity in the material. The intensity of the 
blackening (as determined with a densitometer) at a given place will be 
a function of the exposure time and the amount of activity in the sample 
at that place. It also is a function of the linear-energy transfer of the 
particular radiation. The linear-energy transfer (LET) is the energy 
lost by the particle per unit path length. Gamma-rays must first bo 
absorbed to produce an ionizing particle and will produce very little 
blackening. On the other hand, r/-particles and lew-energy ^-particles 
which have a high LET (^H, ^S. ^^ca) are very effective. High- 

energy /^-particle^ produce diffuse radiograms due to the relatively long 
path lengths of these particles in the emulsion. The properties of the 
emulsion should be a compromise between fine grain to increase the 
resolution, and high sensitivity to reduce the exposure time. Usually, 
exposure times are long. For example, a thin histological section 
containing about 100 dis/min per cm^ will require ’several weeks exposure 
to show sufficient blackening for accurate measurement. 

The method of autoradiography is particularly suitable when the 
distribution of a radioactive compound in biological material is to be 
studied. Autoradiography is essentially a. method to detect radiation 
and not generally suitable for measuremen^t or quantitative purposes. 



2. 2. Ionization detectors 

A number of detectors are based on the principle that the ions 
produced by radiation in a gas will migrate towards the appropriate 
electrodes in an electric field. If the potential difference between tlie 
two collecting electrodes is sufficiently large then the ion pairs formed 
by the particle will not recombine but be collected at an electrode to 
produce an ion current. If the ion current is amplified and measured, 
it is proportional to the activity of the sample being measured. 

A simplified ionization chamber circuit is shown ^ Fig. 5. 

The chamber is filled with air and the collecting electrode is 
connected through a resistor to the positive side of the power supply. 
The collecting electrode or anode^s insulated from the walls of the 
chamber which serve as the cathode. If now ionizing particles traverse 
the chamber, ion pairs will be formed along their paths. The electrons 
produced will collect on the central electrode and the ion current is 
measured by special electrometer circuits. 
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IONIZATION CHAMBER 




ru't.ri, i^chenintic di.icrain of ionir.irion-chanihcr circuit. 
B = Porcnri.il source 
P. = Resistor 
C ~ Cap.iciror 
S = Podinnctivc source 




Fir-, riot of U'nir.ition versus counrer-tuhe volt.ie.c. I is the ioniration-ch.itv.bcr repi' n; II is the 
proportional rccion; III is the Ciciccr “Milller rerion; IV is the repion of continuous dischatpe. 




FIG.T. Counter input circuit with a G-M tube detector. 
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As will be seen in Section 2. 1,' if tlie walls of the -.oni/ation chamber 
arc* constructed of "air-equivalent” material, ‘such an ioni/atjon chamber 
loay be used to measure exposure dose of ;-rays or X-ravs in air. 

If, howey€r, now the electrode potential is iticrcascfl. then the ions 
produced will move toward their respective electrodes with greater 
velocity and at some voltage will gain sufficient kinetic energy to produce 
further ionizati.on themselves. This process is known as gas amplification 
and the flood of iona produced is termed the Townsend Avalanche. As a 
result of gas amplification, the pulse si/e produced increases rapidlv 
with applied voltage. Figure 6 shows the relationship of ion production 
to applied counter voltage. 

The graph is drawn for an o-particlo and a , -particle traversing in 
the sensitive volume of the tube. 

In region I, the applied voltage is sufficiently great that all ions formed 
are collected. This is called the ioni/.atif)ti clinmhor region. 

.As the applied voltage is increased, amplification results and in region 
II the pulse si/.e produced is proportional to the number of ion pairs 
prof> ced in the initial event. This is termed the proportional region. 

In region III, the voltage is sufficiently great that the si/.e of the charge 
collected on the anode is no longer dependent on the number of primary 
ions produced. In this region then at a given \ oltage all pulses are the 
same si/.e and this is termed the Coiger-MUller (C-M) region. Detector 
tubes operated as Geiger - Milller tubes are very sensitive and very little 
additional amplification of the pulse is necessary to drive a counting 
circuit. In addition, they are relatively inexpensive. A simplified G-M 
counter circuit is shown in Fig. 7. 

The discharge in a G-M tube would continue indefinitely or until 
all the gas molecules were ionized. Generally certain gas molecules 
are added to quench the discharge. For example, noble gases sucli as 
argo.n are added and these dissociate when they collide with positive 
ions rather than become iorii/ed themselves. In this fashion, the discharge 
is stopped and the noble gas atoms then recombine. 

The fact that some time is required to collect the flood of electrons 
from each discharge and for the quenching [)rocess implies that during 
this period the detector tube will be insensiti\'G to other ionizing particles 
in it.s sensitive volume. This periofl is ap[)rf)Xim,ately 100-300 /jsec 
for G-M tuV -s and is termeo the resolving time. Therefore, particularly 
at liigb count rates a correction for this resolving time must be made. 

Fet r be the observed count rate of a G-M counter and t the resohing 
time of llie counter in minutes. During one minute, tlie counter will 
ha\ e been inoffecti\ e for vt min, l*herefore, r counts have been registered 
in only (1 - tt) min. The true count rate ) therefore is 

r (counts) 

A metliod for calculating the resolving time of a counter is gi\ en 
in Fxperiment 1. Correction is normally not necessary unless tlie 
count rate exceeds about 2000 cpm . 

The necessary associated equipment for a G-M counting system 
include the G-M tube, a power supply, an ampl if ier-discrim inator , a 
scaler and a timer. 










2. 3. Detection by excitation 
2. 3. 1. Solid scintillator counting 

' ‘ .A- ■ 

Solid scintillators n're particularly suited for ihe detection of 
y-rays and X-rays because of the high density and high Z of solid 
% crystals. The alkali halides (particularly ^'Nal activated with Tl) have 

been the most useful. A typical scintillation cry.stnl counter system 
is diagrammed in Fig. 8. 

When a > -ray photon is absorbed in the s^^intillation crystal at least 
one fast electron is liberated (depending upon the absorbing event either 
a photoelectron, Compton electron or pair-production electrons). I'hese 
electrons produce excitation and ionization along their paths in the 
• crystal. When the excited atoms return to the ground state they give 

rise to light photons in, the violet or near-ultraviolet range. The number 
of light photons produced will be proportional to the )-ray energy lost 
in the crystal.^ 

The photocathode of the photomultiplier tube is optically coupled to 
one face of the scintillation crystal and the photons produced are reflected 
inside the crystal until they reach the photocathode. Here, by the photo- 
electric effect, they release photoelecirons. The number of photoelectrons 
again is proportional to the 7 -ray en ergy lost in the crystal. 

In the photomultiplier tube the photocathode is connected to a series 
of dynodes or electrodes each at a successively higher positive potential 
than the preceding stage. Thus, photoelectrons released from the 
photocathode surface will be attracted to the first dynode stage and will 
gain sufficient kinetic energy to release tw'o or more secondary electrons 
from the first dynode. This multiplication process occurs at each stage 
and at the end of 10 or more stages in a typical photomultiplier tube a 
■ large pulse of electrons will arrive at the anode. The size of this pulse 
still will be proportional to the original > -ray energy lost in the crystal. 
The pulse is then amplified linearly and directed to a scaler or pulse- 
height analyser. 

In the pulse-height analyser, the pulses are sorted by virtue of their 
voltage size (pulse-height) and stored in the respective portion of an 
electronic memory. After counts have been collected for a period of 
time, the readout of the memory will be a y-ray spectrum of the activity 
tivailable to the scintillation detector. 

^ The energy lost in the scintillation crys tal from an , incident j -ray 

photon will range from zero to its maximum energy depending upon the 
ab;Sorption event. The y-ray can be absorbed by the photoelectric effect 
or by a Compton interaction followed by photoelectric absorption of Uie 
scattered photon or by any combination of processes that lead to total 
absorption of the 7-ray energy witliin the crystal. If this occurs then the 
„ output pulse will be stored in a location proportional to the y-ray energy*. 

A typical y-ray spectrum is shown in Fig. 9 and the resulting peak is 
labelled as the total absorption peak. If, however, the primary inter- 
action in the crystal is Compton absorption ^d the scattered photon 
escapes from the detector, then the energy deposited in the crystal will 
be less than the energy of the y-ray. The range of possible Compton 
interactions result in a distribution of pulse heights. This distribution 
is labelled as the Compton region in Fig. 9. It is apparent then that the 
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location of the total absorption peak is cliaract eristic of tlie pariicular 
;-ray (.‘initter and is useful in identification of the' . -ray emitters in any 
sample. Tlie area under the total absorjiMon peak is projiortionai to the 
activity of tliai radionuc'lirle in the sample, 1'he peak is br'oadenefl into 
a distribut i<)n duo.co statistical variation in the se\eral conversion steps 
from -ray absorption to final puls o-liei^ht . 

Puls e-Iuh^Iit analysis is only required when it is necessary to 
measure the activity of one )-ray emitter in ifie presence of others, e. j. 
in rieu tron -ac ti vat ion analysis or multijile- tracer experiments. CJenei-a:'. 
a less e.vpens i\e ■^in^le-clianncl , pulse-li eight analyser is .stiff ic ient. 

Tlie other distinct advantage of solid scintillation counting is *lu‘ 
very short .-resolviiig rime of such systems. This enables high count 
rates, to be^ delerminerl (up to at least 100 000 cpml without the necessity 
of resolving t ime correction. 

Additional fietails of y -ray spectral analysis will be presented m 
Fxperintient 2.1. 

'riie art'of pnrpcle and j-ray spectroscopy ha.< ret:ontly been 
s ignificant ly’ advanc eel by tlie development of semiconrluctor rarliatin n 
detectors . , In particular, lithium -activater] germanium detectors iiave 
been very useful in ;-ray spectroscopy. Ttie energy resolution of such 
systems is improved by at least* a factor of 10 o\'er XaI(Tn for ''"Cs 
y^rays. Sem iconduetdr detectors liave tlie disadvantage tliat they 
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cannot be made as large as Nal(Tl) and therefore the counting yield is 
decreased. Also, they must be continually maintained at very low • 
temperature. In neutron-activation analysis, for example, where high 
y-ray resolution is necessary, use of such detectors is warranted. 

2. 3. 2. Liquid scintillation counting 

Liquid scintillation counting techi^iques have promoted application 
of radionuclides in the agricultural and biological sciences because they 
have aUowedmuch wider use of low-energy /3-particle emitters sufh as 
and 

In this technique, (he sample to be counted is placed in solution! 
with an organic scintillating material in an organic solvent. Since each 
radioactive atom or molecule is surrounded by molecules of the 
scintillator, self -absorption is greatly reduced and the counting yield 
greatly increased. If the sample is insoluble in the organic solvent 
often it may be put in uniform suspension. • ^ 

There are now many solute-solvent liquid scintillator systems in 
use; .however, a very common one is PPO (2-5 diphenyloxazole) with 
toluene or dioxane as the solvent. 

-The ionizing particle from the radioactive material causes excitation 
and ionization of the solvent molecules. These transfer their excitation 
energy to the PPO molecules which in turn fluoresce, i. e. give rise to 
a light photon in the return to ground state. The number of light photons 
emitted from the counting vial per ionizing particle is proportional to 
the energy lost by that particle in the solution. The counting vial is ■ 
optically coupled to a photomultiplier tube system to collect the output 
light. A block diagram of a liquid scintillation system is'shown in Fig. 10 
Two photomultiplier tubes commonly are used to collect the light 
output from the scintillation vial. This increases the counting yield 
.and from a single ionizing event the light photons will be registered at 
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FIG. 10. Block diagram of typical liquid scintillation pountcr. 

S = Counting vial containing liquid scintillation solution and sample 

PM - Photomultiplier tubes 

Refrigerator = Refrigerating unit at -5’C 

Coincidence = Prompt coincidence and sum circuit 

Disc s Upper- and lower-ievel discriminator. 
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5. ,THE TRACER METHOD 



The tracer niechod is a technique to observe certain characteristics 
of a population of specific things such as molecules, organisms or other 
entities by observing the behaviour of the tracer. 'I he substance to be 
traced is generally termed the tracee. The criteria for an ideal tracer is 
that it be indistinguishable from the tracee at the unit level and that the 
introduction of the tracer does not disturb the system. Both of these criteria, 
are nearly perfectly met by radioactive isotopic tracers. Isotopes have 
identical chemical properties (only slight mass differences) and they can 
be obtained in very high specific activity. 'Therefore, the introduction of 
an isotopic tracer generally adds negligible mass to the system and does 
not disturb its kinetics. 

5. 1. Pathway identification 

A most common use of a radioactive tracer is to follow the patliway 
of an entity in a chemical, physical or biological system. When the 

entity is, for e^iample, an intact organism or an inorganic object, the | 

radioactive label used may belong to any element. The choice of label 
will then be governed (1) by the ease of attachment or incorporation of 
the label and its stability, (2) by the ease of detection of it^ radiation and 
i(3) by half-life, in order to be able to follow the label over the desired 
period of experimentation yet not unduly allow possible contamination of 
I the experimental environment. When the substance to be traced is an 
I organic material or compound, the radionuclide must belong to one of the 
elements in the compound. This often reduces the. choice to or 
plus perhaps 35s, ^^^Cl or i^ii. The label may be incorporated into the 
tracee through biological growth, chemical synthesis or exchange processei^. 

If the substance to be traced is a mineral nutrient, the label should 
/ be an isotope of that element. ' In general, elements..in the same chemical 
group, e.g. alkali metals, have similar chemical properties but not 
f sufficient for a radioisotope of one element to serve as the tracer for 
another element in the group. 

If the tracer is introduced into the system, its identification in other 
parts of the system infers information about the possible pathways of that 
tracee imthe system. A well-knoWn example is the use of ^**0 -labelled 
r. glucose to observe the pathways and intermediJftes in the glycolytic cycle. 
Another might be the migration of insects and identification of theit' predators 
in an ecology study. 

5.2. Tracer dilution 

The tracer dilution technique has been very useful in determination of 
the exchangeable mass of a substance in a system. The principle is: that 
for a given constant amount of tracer radioactivity, the final specific activity 
is inversely proportional to the exqhajngeable mass of tracee in the system. 

The technique, introduced by Hevesy, is particularly useful when 
quantitative separations are not possible or are too tedious for the systems 
.under study. In addition, it is the principal technique used to measure 
the exchangeable mass' ”in vivo”. 



! 



! 



bolii phoiocailiodos .simultaneously, d’lie* coinci(lc*uce circuii is dcsi^nod 
to produce one output pulse if it receives an input pulse from each photo- 
multiplier simultaneously, or' ” in-coin 9 idenee”. l^ackjt round or noise 
pulses from either tube will then not l;>e in-coiiieicieiice, and will l)o. 
rejected. 'This system increases the ratio of true countint; rate to |Kick- 
^rouncl and increases tlie sen.sitivity., .Since the output pulse height is 
proportional to the energy lost in the licpiid scintillator, limited pulse- 
hqight analysis is-possible. It is limited bec^iuse the puls e-h eiglit 
resolution is very poor. However, it is generally possible to count 
both ^11 and siniuUaneously. 

'The detector (part of the system is often refrigeratc^d to reduce 
thermally produced noise in the photomultiplier tubes. 

For certain high -energy /?- emitters (Finax" 1 MeV) it is often possible 
to employ Cerenkov- counting techniques using the liquid scintillation 
counter. In such case.s, the radioactive sample need only be dissolved^ 
in water. 'The ionizing particle travels through the water at velocities • 
greater than the velocity of light in that i]icdiuin and Cerenkov liglit 
is produced. 'Hie amount of light is ‘proporiional’to the activity of the 
.sample. Cerenkov counting techniques have proved useful with**‘*^K, 
and other high-energy /?-emitiers. 

One’ of the main sources of error in liquid scintillation counting is 
•• "quenching” of tlie light caused by compounds in. tlie solution to he 
measured. This can be due to light absorption by coloured conipouiids 
or hy certain chemicals. Since queue liing coin m only occurs and its 
degree can he variable, it mUst always be considered. 'I'lie three most 
important correction methods are listed below: 






(1) Removal of coloured material. The solution may be filtered/" 
tlirough activated charcoal or treated by an ion-oxchahge technique to 
remove the quenching agent. 

(2) Channels ratio metliod. In general, quenching is greatest for 
the highesl-energy photons. 1‘herefore, when quenching occurs,, the 
output pulse spectrum is shifted to lower energy or longer wavelengths. 

If by discriminator settings the ratio of two parts of the spectrum can 
be obtained, thi^n it is possible to observe the shift in this ratio as a 

.function of the counting yield in. a set of standards with a known amount 
of actfvity and known variable amounts of quench. A standard .curvb can 
then bemused to correct each count rate for the decfoase due to quench. 

(3) External standard technique. In some instruments a standard 
source may be moved into position beneaiFi the vial counting position. 

Thus, the relative decrease in standard count for each sam|ile counting 
vial will be proportional to the amount of quenching piaterial and will 
provide the quench correction to be used for that vial count. 

I 

4 

2.4. .Counting yield " 

Practically every tracer experiment involves a number of samples 
'containing radioactivity, and ‘the assay of the activity of these samples 
is an integral part of the complete experiment. When ql radioactive atom 
' decays, often more than one particle oi'* photon is emitted. For example, 
a ®®Co nucleus emits either one p-pariicle and two >-rays or occasionally- 
»ne of each (see Section U3). However, metastable slates excepted, a 
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Consider a system that obtains an unknown amount, S grams, of a 
substanqel .To this sy^t^ m -t s added a known amount of a radioaciive*4facer 
of initial specific activity a^, so tl^t 



R 

a i = — 
‘ s 



(25) 



where R = activity of the tracer in ^iCi (or counts/min) 
s = mass of tracee associated with tracer. 



If the tracer is allowed to mix in the system then, according to the 
dilution principle, the final specific activity, *af, will be 

f 



af 



R 



S + s 



(26) 



substituting (25) into (26) 



af 



S + s 



(27) 



and solving for S 



S = s ^ - I 
af 



(28) 



<0 



Therefore, to determine S, only the final sp'ecific activity need be 
measured, as a^ (and therefore s) is known. Quantitative separation o(\ 
the tracee in the sample from the system is not necessary because the 
specific activity is independent of sample size, recovery, handling losses 
etc. However, it is a necessary condition that the tracer be completely 
mixed with the tracee in the system. This condition becomes very 
important in tracer dilution studies "in vivo". 

Very commonly, s'is negligible compared with S. This is the case 
with "carrier-free" or high specific activity tracers. By inspection of 
Eq.(26), if s is negligible with respect to S, then 



s = Ii 

3f 



(29) 
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and only the initial tracer activity and the final specific activity need be 
known. 

A variation of the tracer dilution technique, called "inverse tracer 
dilution" enables determination of the amount of tracer in a system by the 
addition of a known amount of tracee. Let a^ be the initial specific activity 
in the system 



R 
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X 

SAMPLE THICKNESS (mg/cm*) 

• 

FIG. 11. Count rate as a function of tUickncss for samples of constant specific activity. 



disintegration including the emission of particle(s) and/or photon(s) 
requires only 10"^° sec orless, . where£ s the dead times of even the fast 
counters are in the order of lO**^ sec. Thus, no practical counter will 
have a counting yield, Y counts per disintegration, of greater than 1. 



Counting yield Y = 



count r^te r (counts/min) 

disintegration rate A (disintegrations/min) 



(13) 



In ’most counters the counting yield is considerably less than 1, that 
is only a fraction of the total disintegrations of the sample are detected 
and registered by the counting system. Y is decreased from 1 due to: 

t 



(1) Geometry considerations: the solid angle of the source detector 
arrangement divided by 4?:. For a small source close to the detector 
window the solid angle is about Zt: and the geometry factor about, 0. 5. 

(2) Air and window absorption: particles, particularly a and low^ 
energy P, or photons may be absorbed in the air, the window or walls of 
the detector and never reach the sensitive volume of tlie detector. 

(3) Self-absorption in the sample: a- and 0-particles, and to a much 
lesser extent y-rays, can be absorbed by the material in which the 
radionuclide is contained and a significant fraction of the activity will 
not be counted. This is a very important consideration for low-energy 
0-particles. In consequence,, the count rate from a given sample will 
not increase in proportion to its thickness. For a sample of a given area, 
as sample thickness of constant specific activity material increases, 

the count rate will reach a maximum as in Fig. 11. At thickness X the 
sample is considered to be at "infinite thickness". Thickness is expressed 
as the product of density and linear thickness and has units of mg/cm^. 

A common method for assay of low-energy 0-emitters using G-M counting 
is to count all samples at "infinite thickness". The count rate is then 
proportional to the specific activity. The value for^^infinite thickness of 
0-emitters is approximately equal to the range of 0-particles in units of 
Reference (4) contains a curve of 0-particle range as a function 

of energy. 
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Now R is the unknown. If an amount S of iracee is added and allowed 
to inix the final specific activity will be 



Substituting (30) and (31) into (29) and solving for R 



(32) 

“ Therefore, the determination of the specific activities before and 
after llie mixing of S grams of tracee enables calculation of the total 
radioactivity of the system. 

. The dilution equations developed above apply as well to the use of 
non-radioaclive tracers or indicators. 

5.2.1. Two examples of tracer dilution 

(1) Consider the problem of estimation of the volume of water in a 
vessel. This would be an example of a ’’closed system” since no water 
can enter or leave, that is, there is no communication with the external 
environment. If R ^iCi of tritiated' water (^HOH) of specific activity ai 
(iiCi/ml) is pipetted into the vessel and allowed to mix, then the waiter 
volume of the vessel in millilitres can be calculated directly by Eq.(26)“. 

(2) Consider as a second example the estimation of the volume of 
water in an animal. This Would be an example of an ”open system", 
presumably in the steady state with respect to water exchange with the 
external environment. In the steady state the intake rate is (equal to the 
outgoing rate and the exchangeable mass is constant. If \\ /iCi of very 
high specific activity tritiated -water tracer is injected into the animal, 
then the water volume (total body water) can be calculated using Eq.(29). 
The specific activity af (|iCi/ml) is determined by sampling plasma or 
urine after mixing is complete. However, the animal will have lost some 
fraction of the initial amount R via excretion during this mixing period. 
Therefore, the total activity excreted during the mixing must be collected 
and subtracted from R. Equation (29) is modified to 



* Saj 

- 1 



S (ml) 



R - Rex (»iCi) 
:if (AiCi/ml) 



(3;i) 



‘where Rex = MCi of tritiated water excreted via all routes up to the time the 
sampie^containing a^ is taken. 




\ 



* Although specific activity is expressed in these two exantplcs .is nCi/ml of watof, it is .ictually 
the mass of exchangeable hydrogen being determined. 
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(4) Scattering: particles or photons may be scattered towards or ' 
away from the sensitive volume of the chamber. This scattering is due 
to the backing material of the sample holder, the walls of the shield 
and the air b^etween the source and tlie window. 

In most applications, the counting yield need not be determined by 
investigating each of the above effects individually. * Instead a standard, 
i. e. a source of known activity or disintegration rate, prepared in identical 
fashion with the samples, is counted under tKe same geometry to 
determine the counting yield. Such standards may be purchased from 
radionuclide suppliers or may tfe prepared from the radioactive material 
to be used in the experiment. In the latter c^se, the count rate o£ all 
experimental samples can be compared as a fraction of the experimental 
^amount administer edi’ 

2^ 5. Counting statistics ^ . * 

If a single radioactive safnple is counted several times under identical 
conditions and the ebunt.rate is corrected for radioactive decay or else 
the decay cforrection is. negligible, the individual count rates will be 
observed to deviate about the mean value. These deviations are due to 
the random nature of radioactive decay (Section 1.2). The understanding 
of these statistical effects is necessary in the consideration of experimental 
design and in the interpretation of experimental results. 

Counting statistics follow closely the Poisson probability distribution.. 
By a special property of the Poisson distribution, the standard deviation 
(a) of a registered number of counts C, is equal to the square root of 
that number. For C registered counts 

o=sfc (14) 

Table I gives the calculated deviation for given accumulated counts. 

As can be seen from the table, the standard deviation increases as the 
^cfare root of the number of counts but decreases as a percentage of 
the counts. 

^ Referring to Eq, (14), if both sides are divided by the ‘period of 
counting t, the result is the standard deviation of the count rate r. 




However, since C = rt 




\Vhen C becomes large (>20), the Poisson distribution is closely 
approximated by the normal distribution. From the normal distribution, 
one standard deviation on either side of the mean value accounts for 
68. 3% of the total area under the probability function. 

A useful rule of counting is to try to accumulate at least 10 000 counts, 
in order for the % standard deviation to be 1% or less. If 10 000 counts 
exactly are accumulated, then from this single assay it can be stated 
that there is a 68. 3% probability that the true total count was 10 000 ± 100, 
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FIG. 12. Scltcmatic model of single open compartment, 
S = Tracce in grams 
R = Radioactivity of tracer in mCi 
a = .Specific activity 

_ R nci 
S gram 

1 = Intake rate in grams of S per unit time. 
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5.3. Tracer kinetics 
" ; \ 

r 

. The principal difficulty in the tracer dilution technique is to ensure 
uniforrhity of mixing of the tracer. To determine the mixing time it is 
necessary to take repetitive samples as a function of time from the system. 
Such data contain valuable information on the kinetics of the mixing 
processes. It is such analysis as well as the response of the system at 
‘'tracer equilibrium" that is treated by the field of tracer kinetics . 

Most biological systems are open, that is, there is exchange with 
their environment. Consider an opQn compartment as shown in Fig. 12 
in the steady state. A compartment is a subdivision of a system in which ‘ 
the tracer specific activity is constant within its boundaries at any given 
time*. Thus, the tracer specific activity, defines the boundaries of a 
compartment and they may or may not coincide with any chemical, physical 
or physiological boundaries. Mixing within a compartment is rapid compared 
with the rate that tracer leaves the compartment. 

If the compartment is in the steady state then the input rate is equal 
to the output rate or ; 



I = kS (34) 

Therefore, S is constant but the tracer activity R and the specific 
activity a vary with time. (See caption to Fig. 12 for the symbol definitions.) 

Consider now a compartment fn which a tracer has been injected 
and allowed to mix. Most compartments in nature are observed to follow 
first-order kinetics. That is, thQ^pecific activity of the tracer is observed 
to decline exponentially, as 

a = aoe"'*' (35) 

where k is the first-order rate constant. 




ft 



43 



i4- 



35 



I 



T 



A 



TABLE I. STANDARD DEVIATION OF ACCUMULATED COUKTS 



Accumulated 
counts C 


Standard deviation 


. Standard deviatiott 

as 'To C 


100 


10 


10 


1 000 


31. C 


3.2 


10000 


100 


1.0 


100 000 


31G 


• . 0.3 1 


1000 000 


1 000 / 


0, 1 



or in the range 9900 to 10 000. Two standard deviations (2a) account for 
approximately 9.5% of area under a normal distribution and in this case 
it can be stated that there is a 95*Ir) probability that the true total count 
was 1 0 000 ± 200. 

The number of counts C collected in any counting interval Are dyie 
,to true counts of the sample plus those due to background. There is a 
significant radiation background in almost any location. This background 
is due to cosmic rays, and to cosmic -ray induced activity, such as ^*^C, 
and to naturally occurring radioactive materials in the earth's crUst, 
e. g. ^^®Ra, ^^“Th and‘^®K. The latter all have associated gamma rays. 

The cosmic-ray contribution varies with altitude and the composition 
of the earth's crust varies with location. All radiatioii detector-counter 
systems have an associated background counting rate due to the above 
sources and also electronic noise. The background count rate is commonly 
reduced by shielding or by special electronic circuitry. 

Obviously, every sample count is made in the presence of a background 
counting rate for that particular system. ^ The background will be a 
function. of the type of detector, the shielding, location, discriminator 
settings, 'etc. 

The variations of background are independent of the variations of 
the sample activity and, the appropriate errpr terms add as the sum of 
the squares. Therefore, / the variance due to the sample activity alone is 



«s“= Ob 



(17) 



where a? = variance due to sample alone 

Os+b = variance due to count of sample plus background 
o§ = variance due to count of background 

For a total of C accumulated counts due to sample and background 
counts the standard deviation of the sample count is given from Eqs 14 





\ 


a, =*>/Cs^b*^ Cb 


'(18) 








where C,,.b = ioial counts due to sample plus background , 
Cb = total counts due to. background counted alone 

2Q 






o 

ERIC 


\ 


. 30 




• 




:> 



FIG. 13. Specific activity versus time In a single compartment after mixing of the tracer. 



A plot of specific activity (after mixing) versus time would appear as 
in Fig. 13. ■ ' ' ' 

The slope of the line allows calculation of k. Exactly analogous to 
radioactive decay, a half-life may be determined graphically or by 



iB 



0.693 



(36) 



3 ^ 



is commonly termed the biological half-life. Since it was assumed 
that . the tracer behaved exactly as the tracee it is now possible to calculate 
the output rale kS. S can be determined by- tracer dilution. 

As can be inferred from Eq.(34) the biological half-life is not a true 
biological .constant but inversely related to the intake. Jf the intake rate 
increases by a factor of two, the biological half-life decreases by a factor 
of two, etc. 

If the tracer undergoes significant radioactive decay during the 
experiment, the observations as plotted in Fig. 13 must be corrected for 
this radioactive decay. If this is not done, an "effective half-life" will 
be observed, accounting for both radioactive decay and biological loss. 
Since these processes are independent. 






o 

ERIC 



'eff 



= X + k 



(37) 



where 



X = radioactive decay constant of tracer 
k = biological rate constant 



The effective half-life then is: 



4eff 



0.693 

^eff 



(38) 



Consider now the case when tracer is supplied to the compartment 
at a constant rate i (*iCi per unit time). Since a constant fraction of the 
tracee will also be lost per ur® time, the specific activity in the compart- 
ment will increase from zero m a maximum value. The differential 
equation describing this rat^^of change is given by 



36 



44 r,f- 



\ 



If ts - counting time for sample in the presence of background 



and 



l\y = counting lime for background, 
then Ahe standard deviation of the sample counting rate is given by 




(1!J) 



In tracer experiments, the net counting rate of samples very 



commonly approaclies. or is even less tlian. background counting rates. 
In order to choose ilie best division of time for counting sample and for 
counting background to obtain the ininihium error tlie following may be 
used: 



ionization. Slow and tliermal neutrons undergo absorption reactions to 
produce charged particles or induced radioactivity. 

The most common method of slow and thermal neutron detection is 
use of a counting tube filled with boron trifluoride gas or lined witli 
boron inside the tube. Ionization is produced in tiie tube gas by tlie 
nuclear reaction: - . 



Botli the (I'-partidle and the ^Li recoil nucleus produce ionization. 

The counter tube is generally operated in the proportional region to give 
discrimination from pulses that may.be produced from interfering y-rays. 
The tube can be used to detect last neutrons by surrounding it, with 
paraffin wax to moderate the fast neutron to slow or thermal energies. 

A BF3 detector is used for the detection of slow -neutrons in the 
determ inat, ion of moisture content in materials. A source containing 
a mixture 239pu ^nd Be (or ^’Am and Be) provides fast neutrons which 
are moderated or slowed down by the hydrogen atoms in water. Thus, 
the count rate of the tube due to slow neutrons is proportional to tlie water 
content. 

* Activity induced, in materials also is commonly used for neutron 
detection. An end-window G-M tube with a piece of silver foil across 
the window may be used to monitor neutron radiation. The neutrons 
activate silver atoms to radioactive isotopes which emit ^-particles 
that are detected by tlie G-M tube. After several minutes, the count rate 
of the G-M tube is proportional to the neutron flux. 



! Derivation of Eq. <20) is given in Appendix II. 




( 20 ) 



2. 6. Neutron detection and measurement 



Nearly all tlie ii\teractions that neutrons undergo in matter are 
used in their detection, and measurement. Fast neutrons by collision 
^ with other nuclei produce charged recoil nuclei wliich can cause 
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— = intake rale minus loss rale = i - ka 



(39) 



Since a increases with time the loss rale will increase until it is 



equal to the intake rate and da/dt = 0. The compartment would then be 
in the tracer steady state. Equation (39) can be integrated to give 



In this case, a plot of a versus time will be as shown in Fig. 14. 
The specific activity will rekch | of the steady-state value a^in a lime 
equal to Tjg, } of this value in 2Tjg etc. 



FIG. 14. Specific activity in a single compartment following initiation of constant 1^^^ 



The behaviour of tracee in such steady-state systems is commonly 
termed turnover. The turnover time, i. e. the average time a tracer atom 
or molecule spends in the compartment is given by 



It should be apparent that once the'tracer has mixed completely in 
the whole system, though it probably will be composed of many compartments, 
its behaviour will be aa in a single compartment. Some description of a 
three-compartment open model is given in Appendix VII. 

TJie general equations for a closed two-compartment model are not 
unduly rigorous and will be presented below. Consider the model as 
shown in Fig. 15. 



a = ^(1 - 



(40) 



or 



ka = i (1 - 



(41) 



a 




0 |23 4'5678 

TIME (NUMBER OF HALF-LIVES) 



turnover time or 
average life time 




(42) 



Since 



k = 0. 693/Tjg 



then 



(43) 



The derivation of Eq. (42) is given in Appendix VI. 
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RADIATION PHOTECTION 

It is imperative that a knowledge of the safe use of radionuclides and 
radiation be gained before tlicjy can bo applied as tools in agricultural 
research. Ionizing radiation is hazardous to all biological systems, but 
with proper consideration for hbalth protection measures, tlie hazard to 
personnel or experimental systems can be insignificant. 



3.1. Units and basic considerations 

The Hontgen (R) is the unit describing exposure of X- or 7 - rays in air. 
It is defined as the quantity of X- or 7 -radiation which 'produces, in air, 
ion paips carrying 1 electrostatic unit of^harge of either sign per cm'^ 
of air at STP. On the average, it requires 33,7 eV to produce one ion 
pair in aii*. Therefore 

(1 csu/cm-^) (33.7 eV/ion pair) (1.6 X 10‘l- ergs/eV) 

" " (1.29 X 10“^ g/cm^) (4.8 X esu/ ion pair) 



= 87.7 



Gt-gs 

gram of air 



(21) 



Tiierefore, 87. 7 ergs are absorbed per gram of air duo to a total 
exposure of 1 R. . 

As discussed'in Section 1.4.3, the energy of 7 -rays absorbed per 
gram of various materials is a function of properties such as Z and density. 
Therefore, the energy absorbed from exposure to 1 R will bo slightly 
different for soft tissue^ and for bone as compared to air and would be a 
function of photon energy. 

Any biological effect from a given typo of radiation is proportional 
to the energy absorbed and the basic unit of absorbed dose is termed the 
rad» One rad is equal to an absorbed dose of 100 ergs/g and is applicable 
to any type of material and any type of radiation. Consider however, 
a-particles dissipating 1 rad as compared to /3-particles dissipating 1 rad 
in biological tissue. Since tiie cr-particles have a much higher I.»ET, that 
is, they will produce more ionizations per unit track length; then the pro- 
bability is higher that ionization will be produced in* an important con- 
stituent of the cell. Thus, the relative biological effect of a-particles 
will be greater than /3 - particles . To account for this different relative 
effect of various particles, the absorbed dose in rads is multiplied 
a weighting factor called QF (Quality Fa^or). Tlie product of absorbed 
dose in rad and QF is termed dose in renrK 

Dose in rem = 'dose in rad X QF 

One rem of a -radiation-will then have the same biological effect as 
1 rem of /3-radiation. For general radiation protection purposes, the 
values of QF for various types of radiation are given in Table II. 

The safe usfe of radionuclides and radiation can be divided into three 
categories: ( 1 ) protection of personnel, ( 2 ) control of contamination 
and (3)’* waste disposal. ^ ' 
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FIG. 15. Closed two-compartment model in steady st.itc. 

k 1 = first-order rale constant describing exchange of tracee or tracer from compartment 2 to compattment 1 

j = first-order rate constant describing exchange of tracee or tracer from compartment 1 to compartment 2 

p = rate at which tracee is exchanged, i.c. grams/unit time ^ \ 



If compartment 1 is initially labelled, the. following differential 
equations may be written 



dRi ^ Sidai 
dt dt 



p(a.i- at) 



(44) 



clRo Sodao 

dt dt 



p(ai‘- ao) 



(43) 

X 

't 



Let Aj 2 difference in specific activities at any lime. 



^ 1,2 “ " ^2 



dai - da2 = dA^ ^ “ 





1. 2 



(4G) 

(47) 



Equation (47) is observed to be a first-order differential equation 
identical in form to Eq.(l) and may be integrated directly to give 




(48) 



where aj(0) is the initial condition that at t = 0 all the activity is in 
compartment 1, Therefore, A^ 2 (®) 

Now since the system is closed, the total activity is constant. 

This can be expressed a§ . 



^1^1. *^^2^2 ” 



(49) 



IfEqs(48) and (49) are solved simultaneously, the following solutions 
are obtained 
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TABLE II. QUALITY FACTORS (QF) FOR CONVERTING ABSORBED 
DOSE IN RAD TO DOSE IN REM 



L 



Radiaiion 


QF 


X- or ) -rays 


1 


d-parricles E > 0.03 MeV 


1 


Thermal and slow neutrons 


2.5 


a-particlcs 


10 ; 


Fast neutrons 


10 



3.2., Protection of personnel 

The International Commission on Radiation Protection (ICRP) lias 
recommended that the average yearly dose to radiation workers not exceed 
5 rem/year. This is equivalent to 0. I rem/week. (Reference [9] gives this 
recommendation in full detail.) This applies to whole-body dose from 
both internal and externaT radiation. 

3.2.1. External exposure 



Radiation dose to personnel must always be kept as low as possible 
and any unnecessary exposure must be ayoided. In the case of external 
exposure; this can be accomplished by ( 1 ) sufficient shielding, ( 2 ) increas- 
ing working distance from the source and (3) minimizing exposure time. 
Shielding of o-emitters for external radiation is not required be'Cause the 
wall of the container or a ffew centimetres of air will absorb all particles. 
The same considerations generally apply *to low-energy /3- emitters such 
as ^^*C or "*^Ca. High-energy p-emitters require only 1-2 cm of 
low Z material, such as lucite, for shields. In the case of 7 - rays, a high 
Z material, such as lead, provides the best shielding. Table III provides 
values of half-thicknesses of lead for shielding of 7 - rays. 

To obtain the approximate half-thickness of water, the corresponding 
half-thickness of lead may be multiplied by 10. (The density of lead is 
about ten tinues that of water.) To obtain the approximate half-thickness 
of any other material, the necessary ha If -thickness of water is divided 
by the density of that other material. 

The attenuation factor F and the number of half-thicknesses n are 
related as follows 



or 



F = 2" 
n = 

0.3 



( 22 ) 
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Work with 7 -ray sources should always be performed with sufficient 
shielding for personnel. The calculated dose rate after shielding should 
always be checked with a dose-rate meter, preferably an ionization chamber 
type. Sources not in use should always be stored behind shielding and 
access to the sources strictly controlled. 
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(50) 



i, = (S, + 






(51) 



where S = Sj + So 

Plots of aj and an versus lime are shown in I^ig. IG. 




FIG. 1C. Specific .ictivity in a cloieJ f wo-coinparlmcnt system with compartmcnl 1 initially labelled. 
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Total S may be iJelermined by the dilution technique. Now by 
inspection of Eq,(50) at long limes, i, e, when the tracer is completely 
mixed, aj equals the equilibrium value 



ai 



a 1.(0) Si 
S 



(52) 



Therefore, one can solve for Sj and hence S 2 by difference. Now a 
plot of Eq, (48) will allow calculation of the slope 



'’(I 7 ^ (bee Fig. 17). 



Therefore, from the slope, the transfer rate p nK*y be determined. 
To obtain transfer rales between compartments is the objective of most 
tracer kinetic experimentation. It should be noted that 



p “ k j 2^2 ” ^2 1^1 
which expresses the sleady^slate condition. 



( 53 ) 
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TABLE III. APPROXIMATE VALUE OF THE HALF-THICKNE.S.S OF 
LEAD AS A FuK'CTION OF GAMMA- RAY ENERGY 





Approximate half-ihickncss 


^McV) 


of lead siiiclding 


(cm) 


0.5 


0.5 


1.0 


1 


1.5 


1.5 


2-4 


0 



Radioactive materials; external 
dose rates less than 2.5 mrem/h 



External dose rates 
2.5 > 100 mrem/h 



External dose rates 
exceeding 100 mrem/h 

It is of impo:'tance that before beginning any work with appreciable 
amounts of 7 -ray emitters the researcher should know how groat the 
7 - ray dose from the source will be. For point sources of activity, 7 -i*ay 
intensity will decrease as the square of the distance (inverse-squai*e law). 
Thus, the exposure dose can be calculated for any source as follows: 
Exposure dose in R/h for A (Ci) at distanced (cm) from poinfy-ray 
source 

_ A (Ci) X 2. 22 X 10^^ (dis/min-Ci) X E (MeV/dis) X 1 . 6 X 10'*^ (ergs/McV) 
60 (min/h) X 4 ir (cm^) X 87. 7 (ergs/g-R) X 1.3 X lO'^ 

-. M (cm -M (23) 

(g/cm^) 

whereV is the linear absorption coefficient in cm’^ for air of E energy 
7 -rays. 

Equation (23) may be simplified if A is taken as 1 Ci, d as 100 cm (1 m) 
and p as 3 . 3 X 10’^ cm’^ for all 7 - rays in the range 0. 1 - 3 Me V . Com- 
bining constants, Eq. (23) reduces to 

F(R/h-Ci at 1 m) 0 . 5 E (24) 

where E is the average 7 - ray energy which can be evaluated frpm the 
decay scheme of that radionuclide and F is termed the 7 -ray dose constant. 
Once the exposure dose is known at any one distance, it may be cal- 
culated at any other distance by the inverse-square law.. 

The 7 - ray dose constant r(R/h-Ci at 1 m for various radionuclides) 
is given in Table IV. 
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FIG. 17. Plot of Eq.(48) for closed two -compartment model. 



INJECTED 

ACTIVITY 

FIRST SIGN OF 
ACTIVITY AT LOCATION 




FIG. 18. Illustration of diffuse appearance of tracer at location B following bolus injection at location A. 




FlGv 19. Schematic curve of tracer concentration at location B following single bolus injection at 
location A. 



A final example of the use of tracers can be termed translocation or 
rate of flow studies* If a radioactive tracer is injected at one location (A) 
in a system and its appearance observed at another location (B), the shape 
of the injection pulse will have become diffuse due to the number of possible 
pathways between locations A and B, See Fig. 18. 

If a known amount of label R is injected at location A and the concen- 
tration of label appearing at B is measured as a function of time^ then a 
typical curve as shown in Fig,19 may result. 

If no tracer is lost between A and B (only a labyrinth in between) and 
if the area under the curve in Fig. 19 can be determined (either graphi- 
cally or by integration) then the flow rate in the system, Q, can be cal- 
culated from the Stewart -Hamilton principle. • 
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TABI.K iV. GAMMA-HAY EXPOSURE DOSE BEVELS EOH SOAIE 
HADIOXUCLIDES 



Radionuclide > 


I’redomiiiam 
> -ray energy 
(Me\0 


r 

(R/h-L'i 
ai 1 n») 


« Co 


1. 17 and l.;ia 


1.3 


' Cs 




0.31 




U.dO 


0.22 


'■Cr 


U.32 


0.02 


■‘.Na 


2.7d 


. i.^>; 


'‘*Ra 1 daughters in 
equilibrium 


Many diffcrciu 


0.b3 


K 


1.62 


0. lA 



The inverse -square law shows that distance is a very important factor 
in minimizing dose. Consider a source from which the Y-ray exposure 
dose was 1 mR/h at 10 cm. Any manipulatipns with tlie source by means . 
of long forceps or tweezers would produce a negligible finger or whole - 
body dose. However, if tlie source were handled without tweezers, for 
instance with rubber gloves as the only protection, the radiation exposure 
dose at 1 mm distance would be 10 000 mR/h = 10 H/h to the finger tips. 

The exposure time is equally as important in minimizing dose. 
Manipulations with sources should be performed rapidly but carefully. 

Monitoring of external dose can be accomplished by the use of personnel 
dosimeters. These can be wor^ on the body or attached to the hands or 
wrists, if necessary, and provide an integrated dose over the total working 
* period. Film badges or solid-state thermoluminescent dosimeters are the 
most common systems currently inu.se. 

3.2.2. Internal exposure 

The internal hazards of radionuclides involve spme distinctly different 
considerations. Beta-emitters and particularly alpha-emitters become 
extremely ffazardous on entry into the body. The protection against internal 
contamination largely involves prevention of accidental ingestion, inliala- 
tion or skin absorption of radionuclides. The International Commission 
on Radiological Protection has calculated maximum permissible body 
, burdens of all the radionuclides and the maximum permissible concentra- 
tions in water and air that would produce such body burdens if chronic 
exposure conditions existed. The factors that determine th6 maximum 
permissible body burden of any radionuclide are: 

* \ 

(1) Particle radiation energy, l.ET and half-life 

(2) Absorption from the gastrointestinal tract or lung tissue into 
body fluids 

(3) Distribution into body organs 

(4) Biological half-life, i,e. the time required for the body burden 
to decrease by one-half. 
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Q 



(ml) 



(MCi) 



(time) area under curve (^Ci/ml) (time) 



( 54 ) 



Calculation of flow rate by this method has been very useful in 
physiological circulation studies and can be adapted to natural systems 
easily. 

6. NEUTRON ACTIVATION ANALYSIS 

If a stable element is exposed to a flux of neutrons there is a finite 
probability that a stable nucleus can capture a neutron to produce the 
isotope of that element with an increase in mass number of 1 » As dis- 
cussed in Section 1.4.4 this activation process is a primarp^ method of 
producing artificial radionuclides. An example of such a capture reaction 
is 






Na 



Na + 7 



In general such activation reactions are most probable with thermal 
or slow neutrons. The activation reaction is utilized in an analytical 
technique termed neutron activation analysis , as follows. 

Let n-j* be the number of stable nuclei exposed to a flux of thermal 
neutrons. Let <j represent the cross-section per nucleus or the probability 
of a capture reaction occurring. Therefore, the rate of production of 
radioactive atoms N will be 



dN 
dT = 



(55) 



where ct = cross-section in units of cm^/nucleus 
n-j-= total number of exposed stable nuclei 
c thermal neutron-flux in neutrons/cm sec. 

However, the radioactive atoms, N, produce<J by activation will 
immediately begin to decay at their own rate characterized by the Ti of 
the radioactive isotope produced. Therefore Eq.(55) must be modified to 
include this rate of decay 



— = anj4> - AN 



( 56 ) 



net rate = 



/ rate of 
\ product ion 



1/ V £ 



f*ate of radio- 
active decay / 



Equation (5*6), similar to Eq.(39), is integrated to the following 

A = NX = cinT* (1 - e-^') (57) 

where A = activity produced in dis/sec 

X = decay constant of radioisotope produced 
t = time of irradiation 
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Considerations (2) and (3) also depend on the chemical and physical 
form of the radionuclide. Also, the solubility in body fluids will largely 
determine the absorption and transport of the radionuclide. 

The rccommended’maximum permissible body burdens and correspond- 
ing maximum permiss'ible concentrations in air and water are given in 
Appendix III. 



3.3. Control of contamination 

Contamination of laboratory, benches, glassware and operator by 
radionuclides must be avoided for two reasons: 

(1) Laboratory contamination can result in internal exposure of the 
laboratory personnel and even be spread to areas where other 
personnel may bo exposed. 

(2) Experimental results may become doubtful. 

A number of laboratory rules should, therefore, be strictly adhered to: 

(1) Eating, drinking and smoking in the laboratory are strictly 
prohibited. 

(2) -Each person should wear a laboratory coat. This coat should bo 
worn only in the laboratory space where the experiments with 
radionuclides are done, not in the counting rooms. 

(3) When there is a risk that the hands may become contaminated, 
thin surgical gloves should be worn. These gloves have to be put 
on in such a way that the inside never touches the outside in order 
to prevent direct contamination of the skin. A detailed description 
of the procedure for putting on or removing gloves is given in 
Appendix IV. 

As soon as the risk for contamination of the hands is no longer 
present, the gloves should be removed, as they constitute a source 
of contamination of glassware, equipment, faucet handles etc. ^ 

(4) Pipetting or the performance of any similar mouth suction is strictly 
prohibited . Syringes or propipettes must be used. 

(5) protective eye glasses or shields should always be worn in a radio- 
chemistry laboratory, This will shield the lens of the eye from 
high-energy /I -particles apd will minimize eye injury in the event 

* of a chemical accident. 

(6) To prevent contamination of gloves, hands, or equipment, paper 
tissues should, be handy and always used as an intermediate, After 
use, these tissues should be disposed of in foot-operated waste 
bins or large drums. 

(7) All operations involving volatile materials, heating or digestion 
must be done under a hood. The air velocity at the hood* * face should 
be approximately 40 m/min. 

(8) Any operation in which radioactive dust may arise should be carried 
out in a glove-box in which slightly negative pressure is maintained. 
In the exhaust system a dust filter must be present to collect radio- 
active particles. These precautions are particularly important 

in the case of alpha activity. 
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Most commonly the tociiniquc is used to deter mine the number of ) 
atoms uj of the stable element in a sample. The flux irradiation tiine t, 
and cross-section o are known and the activity prjoduced is measured 
allowing measurement of nj. A comparator technique, i.e. irradiating 
a sample with a known amount of the element, is frequently adopted. 

Using nuclear reactors as the source of neutrons the technique is 
extremely sensitive for certain elements which cannot be analysed by con- 
ventional chemical methods. 

As seen from Eq. (57) the element for analysis should have higli abund- 
ance of the stable isotope, a high cross -section a, and a lialf-life that is 
not so short to preclude easy measurement or so long that long irradiation 
times are necessary. The detection limits for certain elements can be 
as low as 10 '^'^ grams. 



7. NRIJTHON MODERATION AND GAMMA-HAY ATTENUATION- 
TECHNIQUES 

7.1. Neutron moderation in relation to moisture determination 



Neutrons can be produced in the laboratory by using small sources 
containing ^-particle emitters and finely divided beryllium. The a-emitters 
are commonly either Pu or ^*^^Am. Both have long half-lives and emit 
negligible 7 - rays. The nuclear reaction responsible for the neutron . 
production is 

;]Ho + > ijc + Jn 



The neutrons produced from such a source have an avei'age kinetic 
energy of approximately 4.5 MeV, but the energies range from 0-12 MeV. 

As discussed in Section 1.4.4, moderation or slowing down of fast 
neutrons by elastic collisions is most efficient with small atoms, in 
particular hydrogen. Water is a very efficient moderator (although some 
neutrons are lost by (n, 7 ) capture by ^H). Th(vBF 3 tubb (discussed in 
Section 2.6) used to detect neutrons is acn^tiva only to slow or thermal 
neutrons. Thus, if a BF 3 counter tube is placed near a fast-neutron source, 
the count rate in the tube willjbe directly proportional to the amount of 
moderation between the sourcj3 and the detector. .Soil scientists have used 
this principle to measure tlie water content of soils in situ. Most liydrogen 
atoms in soil are in molecules of water. Therefore, the count rate of a 
BF3 tube in a soil well contaiijiing also a neutron source is directly pro- 
portional to the moisture content of the soil near the detector and source. 
The system can be calibrated 'either by taking soil core samples near 
each reading and determining their water content by oven drying, or by 
taking a series of readings in soil barrels in whicli the water content is 
controlled. 

Sources of error in the teichnique are principally due to elements tliat 
have a large thermal neutron jibsorption cross-section (e.g. Cd, B, Mn, 

Cl and Li). Fortunately, tlie^e elements are generally present in such 



small concentrations that they 



soils this source of error muf;t be considered. 



produce little effect. However, in some 
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(9) All operations sliould be carried out over shallow trays. Tlie 
bottoms of the trays should be covered witli absorbent paper. 

(10) Storage bottles sliould be available for dumping of liquid \kraste. 
These bottles sliould contain a small amount of ion-exchange resin 
to concentrate the activity. 

(11) Avoid cross contamination by using glassware, can openers, 
tweezers etc. for one particluar radionuclide only. 

(12) An end-window G-M survey meter should be available for con- 
tamination detection. In addition, it would be preferable to have 
an ionization-chamber survey meter for exposure dose measure- 
ments. 

(13) Frequent surveys of laboratory work areas, equipment and per- 
sonnel should be performed with the G-M survey meter to detect 
contamination. In the case of a-emitters, or electron-capture 
emitters, filter paper should be used to swab the suspected areas. 
The swabs should be counted witli an appropriate detector. 

^14) Before leaving the laboratory the hands, clothing and shoe soles 
should be cliecked witli a suitable survey instrument or swabbed. 



.3. 3. 1. Decontamination 

Decontamination of the skin should first be attempted with soft soap 
and water, possibly with a soft brush. Care should be taken to avoid 
damaging the skin by excessive washing. Often washing with a carrier ’ 
solution will aid in removal through exchange with the radioactiye isotope. 
Obviously, the carrier isolution must be non-to5cic to the skin: 

Generally, the decontamination of\glassware, metal surfaces or 
painted surfaces with radioactive mateHal of high specific activity is greatly 
reduced by repeated washings with carrier solution. Stocks of carrier 
solution should therefore be present where contamination is likely to occur. 
A spreading agent may be very effective. 



Material Decontamination solution 



Glass: 


Either 10% nitric acid or 2% ammonium 
bifluoride or chromic acid or carrier 


r 


in 10% hydrochloric acid. ./• 


Aluminium: 


10% nitric acid, sodium metasilicate f 

or sodium metaphosphate. v 


Steel: 


Phosphoric acid plus a spreading 


1 


agent . 


Lead: 


4N hydrochloric acid until a reaction 
starts, a dilute alkaline solution, 
followed by water. 


Linoleum: 


Xylol or trichlorethylene to remove 
wax surface. 


Painted surfaces:. 


Spreading agent and ammonium citrate 
or ammonium bifluoride. 
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7.2. Gamma-ray attenuation in relation to density determination 

.•\s discussed in Section 1.4,3, the interaction of 7 -ray photons with 
matter is largely with orbital electrons. For medium and low /. materials, 
the predominant effect is Compton scattering and absorption. Tlie 
Compton effect is proportional to the F./M ratio or electrons /grain in the 
attenuating materials. For most low and medium /. elements, the X/M 
ratio is very nearly 1/2. Thus, if the X./M ratios are nearly the same, 
the attenuation of 7 - rays will be proportional to the bulk density or number 
of electrons/gram. The bulk density of medium and low Z materials, 
such as soil, can be determined by this principle. Usually a 
7 -ray source is used and the count rate of a Nal(Tl) scintillation-countt'r 
detector will be inversely proportional to the bulk density in the material 
between the source and the detector. 
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Difficult to do’contiiminntL^ Pni-tial 
or complote I’omova! of tlio contaminati cl 
material will usually b(^ tho only 
offoctivo method. 

Special laboratory design features 

A laborator^jj in which woi*k with radioactive materials is done should 
haye facilities that; ^ 

(1) minimize the incidence and spread of contamination; 

(2) niakh possible rapid decontamination. 

These facilities are furtlier determined by the nature of the work 
which is going to be carried out. Three typos of laboratories^ ma^* aceprd- 
ingly be described (see Table V and Hef.(8l). Usually, an ”A” laboratcirv 
will h6 associated with reactor operations or waste processing p’lants. ’ f"or 
biological research "B” or laboratories will generally be adenuate . 

A laboi-atory may be any ordinary laboratory that has a gix)d 

ventilating system and an exhaust hood. Floors and benches should 'have 
a surface which can be cleaned easily. 

If larger quantities of radionuclides are to be used, 
the dilution of stock solutions or the preparation of labe 
then a "B” laboratory will be required. 

'I'he characteristics of laboratory may be listed as follows; 

(1) 'The laboratory room should be separate from tlie counting rooms. 

(2) Ventillation of the laboi*atory should be sufficient to exchtmge the 
total room volume 12 times perhour. Tho air flow should be from, 
least active to most active areas. The fan for each hood should 

be at the top of the vent duct so there is negative pressure through- 
out the vent duct. I’lie ventilation to the room should be separate 
from that to othei* rooms, particularly counting rooms. Tliere 
should be a particulate filter in each exhaust duct. 



foi* example foi- 
led compounds, 



Wood and concrete; 



TABLE V. FACILITIES FOR RADIOACTIVE MATERLALS WORK 



Radiotoxiciiy of 
j radionuclides 
(and examples of each) 


Minimum / 
slgnificapr 
loxic^ 
quantity 


Type of laboratory or working place desired 


rype C 

Good chciijical 
labor.itory 


Type B 
Radionuclide 
l.ilxiratory 


Type A 
High-level 
laboratory 


Very hi>;li (“"Sr, I’o» 
etc.) 


O.liiCi 


10 iiCi or less 


. 10 /iCi - 
10 inCi 


10 inCi or 
more 


lliRh C^^Ca, *’Sr. 

cic.) 


1.0 iiCi 


100 /iCi or less 


100 Ci - 
100 inCi 


100 mCi or 
more 


Moderate (^^Na. 

3-S. 6^Co, “Uir. 

etc.) 


10 mCi 


1 inCi or less 


1 inCi - 
1 Cl 


1 Ci or 
more 


Sh^ht (hi. 


100 MCi 


10 inCi or less 


10 mCi - 
10 Ci 


10 Ci or 
1 more 
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(3) Shieklod, lockable, separate storage areas should be available 

for radioactive sources. Q 

(4) For facilitation of decontamination, floor.s and benches -shouJd be 

• covered with vinyl or linoleum, preferably without seams. Unde,- 
no cii cumstancos sliould uncovered wooden or concrete floors 
and bench tops bo allowed. Furniture should be of non-porous 
material. 

(5) The G-M survey meter, tlie hand and foot monitoring station and 
laboratory coat hooks should bo located just inside tlie entrance 
to the laboratory. 

(G) Water faucets siiould bo of a foot- or elbow-operated design for 
prevention of contamination. • 

(7) Ii possible, a shower for personnel di.*contamination sliould be 

located close to the laboratory. " 

(8) Drains should be located in the floor. 

(0) Ridges and corners in which dust may accumulate and whicli arc 
difficult to clean should be absent. 

3.4. Waste disposal 

Radioactive waste should bo controlled and disposed of according to 
the recommendations of the ICHP (see Appendix V). Generally, liquid 
waste should be stored in polyethylene containers and not disposed to the 
sanitary sewer ;>ystem through sinks. High-volume, low-activity liquid ' 
waste may be treated by ion-exchangers to reduce the volume. Solid waste 
should be put in loot -ope rated bins. All waste containers must iuive tlie 
appropriate label as well as a label stating the date and quantities of eacli 
radionuclide added. 

If possible, it is advisable to store all liquid and solid waste until the 
activities present have peon reduced by radioactive decay such that it iniglit 
be dispqsed of by usual methods. If this is not possible, as in the case of 
long-lived emitters, land burial may be necessary. In some countries a 
cenU'al organization is in charge p/ collection, storage and/or burial of 
radioactive materia s. 

Waste disposal can be a serious problem and if work with appreciable 
activity of long-lived radionuclides is anticipated, expert advice shoufd be 
souglit. 
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4. SOME UTILIZATIONS IN BASIC PRINCIPLE 

By vii tue of the Very higli sensitivity with which their radiations may 
be detected, radionuclides are widely used as indicators in tracer work * 
whenever stable indicators are unobtainable or impractical. Many of the 
basic principles have been treated in the foregoing sections. However, the 
basic lecture matter includes additional sections which deal with some 
supplementary princi])les involved in pathway identification, tracer dilution, 
tracer kinetics, neutron activation analysis, neutron moderatio^i applications 
and gamma-ray attenuation. The principal limitations involved in the use 
of radioactive tracers are discussed in the introduction to the ’’Applied Part” 
of thjs manual, and the experiments given in both parts are designed to 
illustrate a number of principles and applications. 
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LABORATORY EXERCISES 



1 '. experlments with a g-m counter 

1.1. The plateau of a G-M tube 
INTRODUCTION 

Geiger-Muller counter assemblies in normal operation often show 
an appreciable variation in per^prmance from time to time. It is thus 
useful to have a reference source by“^vbich day-to-day counting may be 
standardized. The half-life of such a standard^should bo so long that no 
correction for decay need be made. A suitable reference source mav be 
made from black uranium oxide (U 3 O 5 ), This combines the required" 
chortiical stability and long half-life (4.5 X 10*-^ yr).. The oxide should 
not have been treated chemically for at least a year, during which time 
any significant daughter products removed by previous treatments will 
have a^in come to radioactive equilibrium. 

The total disintegration scheme of ^38^ daughters iS very complex, 
and it is advisable to filter out all particles except the / 3 -particles of 2.3 
and 1 .5 MeV from This can be done by covering the source with 

aluminium foil of approximately 35 mg/cm^ thickness. If this is done 
the UjOb source may be used as an absolute standard. Pure UjOb under- 
goes 724 dis/min per mg. The 2.3*MeV /3-particle is. given off in greater 
than 99% of the disintegrations. *■ . . 

Witii this or a similar standard beta reference source the following 
properties of a G-M tube may be determined; 

(1) The starting potential and threshold voltage. 

(2) The characteristic curve of' count rate versus tube voltage and 
the counting plateau. 

(3) The optimum operating voltage. ^ 

(4) The counting yield Y (counts/ dis). 

EXPERIMENTAL PROCEDURE 

(1) Obtain a source counting about 5000 counts/min. If the source 
is UjOs, weigh tlie source. 

(2) Put the source (on a planchet) into the planchet holder in the 
shield. Be sure the high-voltage switch is off and tunned to 
its minimum position. Turn on the master power switch and 
the instrument to "count” mode. Now turn on tlie high-voltage 
switch. 

(3) Increase the voltage slowly until the first counts are obtained. 

The voltage is called the starting potential. 

(4) Determine the count rate'with increasing voltage. A total of 
2000 counts for each voltage step is adequate. Increase the 
voltage in steps of 25 or 50 volts. 

(5) When the count rate does not change appreciably as the voltage 
is increased the threshold voltage has been reached and the G-M 
tube is operating in the plateau region. When the count rate 
begins to increase rapidly no further high-voltage steps should 
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be applied. This is termed continuous discharge and above tliis 
voltage tlie counter will race atid damage to the G-M tube will , 

OCCUl'. / 

Calculate the slope as the percentage increase in count rate per 
100 volts and the.plateau length - Vj (see Fig. 20). The 
slope is 



A good G-M tube will have a slope of less than lO^o per 100 volts. 

(7) As the tube ages the plateau length will begin to decrease. To 
allow for this choose an operating voltage of V j +75 volts, or 

i (^1 ^ 2 ) plateau is less than 150 volts. Occasional cliecks 

on the character;^ts1ric curve should be performed as tlio tube ages. 

‘ (Age is proportional to the total number of counts). .. r 

(8) At the operating voltage, if the disintegration rate of the standard 
source is known, calc'Tate the counting yield Y at each slielf 
position in.tlie shield. 



is not able to register pulses, can be determined in various ways. The 
method by which a series of samples ^of increasing strengUi is counted 
is ‘straightforward. From the difference between the expected count rate 
as extrapolatedTrom low counting rates and tlto observed count rate, the 
resolving time can be estimated. 

As shown, in Section 2.2, if the 'resolving time t is known then the 
true count rate R gan be calculated from the observed count rate r as 
follows 



100 (ro - 1*1 )ri 

• V2 - V, 



X 100 = % per volts 



( 1 ) 



r (countg/min) 
A dls/min 




CONTINUOUS 

DISCHARGE 



V 



FIG. 20. Gbatacicrisiic curve for t;cigt/i-Mullcr lube. 



1.2. The resolving-time of a G-M counter 



INTRODUCTION 



The resolving time, i.e. the time after eacli pulse that the G-M tube 




( 1 ) 



4B. 



r>- 




K the r of a radionuclide of kn6wn half-life is plotted against time 
on semi-log paper, R of the highest’ count rates can be extrapolated from 
the r of the lowest counting rates and t can then be estimated bv use of 

Eq^(l). 

Another approximation of the resolving time t may be obtained by 
the method of "twin samples",' i.e. from a comparison of tlie count rates ' 
of each sample counted separately. 

Let Rj , R 2 , Rj 2 and'R be the true count rates (background included) ' 
of sample 1, sample 2, samples 1 plus 2, and a blahk sample, respectively. 
Also let rj, i' 2 , r^ 2 and r be the corresponding observed count rates. 

Then bydeHnition 

Ri + Ro = -Rj 2 + R . (2) 



Substituting in Eq. (1) 






T2 



n.2 



Vi) 



1 - r^T 1 - rgT 1 - Tj 2 1 - r T 

Since r^T « 1 tmd rr « r^T, tiie following approximations can be made 






•: — - - r. + r,T and, 

1 “ r^T 1 i * 1 + rr 

« 

Therefore, after substituting, we obtain 



rj + ro - ri 2 - r 

* - r 



2 - ^ 

1.2 M *2 



which can be simplified to 



(4) 



T r- ri + ’ ^12 ’ r 



2 r j t '2 



(5) 



since 



'■?,2 - («’l + 

PROCEDURE 

(1) Tap about 5 ml (approx. 25 000 counts/min) from the 
column used in Experiment 2,2; cover the counting, dish with 

a plastic cap of 100 - 150 mg/cm^ i^d immediately start making 
6-8 one-minute countings separated by one-minute intervals. 

V Ve^'v accurately record the elapsed time. 

(2) , After half an hour determine the residual count rate (background) 

then plot tlie count rates corrected for background of 
versus time on semi-log graph paper. ' ^ 

(3) A straight line with a slope corresponding to the "tenth-life" of 

*^Ba (8.5 min) is drawn through the last 3 or 4 points. Now’ 
from the small deviations of the first few points from this straiglit 
line, estimate the resolving time of thl^G-M counter using Eq.(l) ■ 
Note: Verify that Tj X3.33 =TjL. 
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(4) Select two samples of /3- emitting radionuclides (e,g. ^®^T1) of 
approximately 12 000 counts/ min each. 

(5) Count the first sample in a sample holder having two holes. In 
the second hole insert a blank planchet. 

(6) After counting the first sample, remove the blank planchet and 
replace it with the second sample. Now count both samples together. 

(7) Remove the first sample and replace by a blank planchet and count 

the second sample. ^ 

(8) Determine the background by counting with two blank planchets in 
. counting position. 

(9) Calculate T by use of J3q. (5) . 

(10) Use an end-window G-.M tube survey meter to survey for personnel 
or equipment contamination. > 

1.3. Counting and sampling statistics 

^ In scientific experimentation the standard deviation (calculated from 
replicates) should always be given together with the results to permit 
assessment of the uncertainty. When the standard deviation is calculated 
from replicate analyses it automatically includes all sources of variation, 
i.e, those due to the experimental methods as well as the natural variation 
inherent in radioactive decay. 

If a total of C counts are obtained on a single sample, the standard 
deviation o^hat single count is estimated by 

a = yfc (1) 

If the sample is counted repeatedly without moving the sample and 
assuming the counter system performs perfectly, the standard deviation 
of that series of counts, as calculated by statistics of the normal distribu- 
tion, will give essentially the same estimate. The standard deviation will 
only include the variation due to radioactive decay which we will term 
natural uncertainty. 

. However, if the sample is moved between countings or a number of 
"identical" samples are counted in succession, a larger value will generally 
be obtained if the standard deviation is calculated by the latter method. 

This is due to random variations in geometry and sample preparation. 

These additional sources of variation including erratic counter performance 
we will term technical uncertainty. An experimental evaluation of these 
two types of uncertainty will be made. 

MATERIALS AND REAGENTS 

(1) solution of approximately 0.1 pCi/ml. 

(2) 0.11-ml pipette and pro-pipette (e.g. rubber bulb or syringe). 

(3) 25 counting planchets. 

(4) Infra-red drying lamp. 

. PROCEDURE 

(1) Using the pro-pipette, pipette 25 samples containing 1 ml each. 

Dry each sample under an infra-red lamp. Do not allow the 
samples to. boil or spatter. 
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(2) Place one of the dry samples in tlie planchet holder and make 
25 countings of 1 min each without moving the sample. Record 
the result of each counting. 

(3) Calculate the natural standard deviation as 

where C is the mean value of the 25 countings. 

(4) Calculate the total standard deviation by the following equation 



^loi 



f E(c - c) ^ 

Ni n - 1 



' ( 2 ) 



(5) 

(G) 

(7) 



V 

where C = dount.of each individual counting 
C = mean value of the 25 countings 
n = number of countings (n = 25 in this case) 

Compare 0^31 and a tot , and if they are found to be significantly 
different, explain. Calculate Onat in per cent. 

Now count each of the 25 samples separately for 2 min, and 
record the results. 

Repeat the calculation of Otot according to Eq. (2), and compare 
with a„3t . Calculate at^oi, in per cent using the equation 

> 



. '• 2.2 

lot - ^ nat ^ tcch 



. ( 3 ) 



(8) Use the end -window G-M survey meter to survey for personnel 
or equipment contamination. 



1.4. Absorption of beta particles 



The absorption of P-particles in matter is very nearly independent 
of the atomic number of the absorbing material provided the thickness is 
expressed in mg/cm^ (thickness X density). Beta particles have a 
spectrum of energies ranging from zero to maximum value for each parti- 
cular radionuclide. emits only /1-particles. The maximum energy 

is 1.7 MeV and the average energy 0.7 MeV. The thickness of matter 
which is able to absorb all incident /3-particles is called the "range”, 
and this is determined by the maximum energy particles. However, only 
a small fraction of the beta particles from any source have this maximum 
anergy and the range is therefore not sharply defined. For the range 
IS approximately 800 mg/cm^. 

A transmission curve of beta particles through aluminium xyill 
be prepared in the present experiment. A simplified method to determine 
/3-particle range and energy is also demonstrated. 

PROCEDURE 
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(1) Obtain a solution of approximately 0. 1 ^Ci/ml. 

(2) Pipette 100 X (0.1 ml)^ onto a planchet and dry 
under an infra-red lamp. 

> 1 X = 1 , 1 -litre 
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(3) 



(4) 



Prepare a sl^nd sample by pipetting 100 > of a solution 
of approximaWy 50 pCi/ml into a planchet and drying. 

Count tlie low-activity source in the G-M counter. Obtain at 
least 10 000 counts. Place an aluminium filter of about 20 mg/cm“ 
between tlie counter window and the source and count again. . 



(5) 



(6) 



Continue counting at increasing absorber thickness until a count 
rate of about 200 counts/min is obtained. 

Repeat the previous two counts with tlie high -activity source and 
calculate the average i'atio*between low- and high-activity 'source 
count rates (Note: resolving time corrections must bo made for 
the high-activity source counts and background must be subtracted 
in the case of the low-activity source counts). This ratio can bo 
used to transform the low -activity source -count rates into the 
high-activity spurce count rates. The high-activity source cannot 
be counted at zero or low absorber thicknesses. 



(7) 



(8) 



(9) 

( 10 ) 



( 11 ) 



Continue counting tlie high-activity source with increasing absorber 
thickness until an almost constant count rate is obtained. The 
count rate now is due to brcmsstrahlung or continuous X-rays 
produced by interaction of the (3-particlos with the A1 nuclei. 

Plot the observed and calculated net count" rat os of the high -activity 
source on the log co-ordinate versus absorber thickness on the 
linear co-ordinate. (To the absorber thickness add the window 
thickness of tho tj-M tube and the air thickness, in mg/cm“, from 
G-M tube window to source.) 

Extrapolate the brcmsstrahlung component to zero absorber 
thickness and subtract this contribution from the net count rate. 
Plot the corrected curve. 

Determine by inspection the point at which the uncorrectod trans- 
mission curve appears to intersect the brcmsstrahlung curve. 

This point corresponds to the range of ^*^.P p-particles and sliould 
be approximately 800 mg/cm^. 

A simplified method of determining |3 -particle range is based 
on determination of the fifth half- thiclpiess of absorber. The half- 
thickness IS the thiclmess of absorber required to reduce the count 
rate by a factor of 2. The fifth half-thickness is the amount 
required to reduce the count rate by a factor of 25 or 32 . The 
fifth half-thickness has been found empirically, in most cases, 
to be approximately equal to the range of the maximum-energy 
P-particle. 

From the corrected curve, determine tlie thickness of absorber 
that was required-.to reduce the count rate at zero absorber by a 
factor of 32. Multiply this value by 2 and determine how well it 
estimates the range of ’^^P particles. 



( 12 ) 

(13) 

(14) 
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Repeat tlic exercise for instead of The "range" for 



should be about 30 mg/Cm**. 

How well can the initial portions of each corrected curve approxi- 
mate a straight line? 

Use the end -window G-M survey meter to survey for personnel 
or equipment contamination. 
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1. 5. Self -absorption and so If- scattering of beta particles 
INTKODUCTION 

It is often necessary to measure the radioactivity of sources which 
contain appi*eciable amounts of solid material. When a thick source is, 
c<junted, errors from self- absorption and from source scattering 
introduced. Self-absorption decreases the count rate below the expected 
value and is^ most important with low- energy p -emitters whose maximum 
energy is less th^ 0.5 MeV.. -Scattering tends to increase the count rate 
and is most noticeable with high-energy -emitters. (The effect of „ 
self-absorption and self-scattering also exists with 7 -ray emitters but is 
usually negligible since 7 - radiation has a greater penetrating power.) 

A tliird source of error when voluminous samples of varying thickness 
are involved may be called "self-geometry", i.e. the top of the sample 
becomes closer to tlie counter as the sample thickness increases. The 
combined effects of self-absorption,, self-scattering and self-geometry, 
normally result in a decrease in the count rate. The principal method 
commonly used to correct the self-absorption is as follows: 

The method is based on the assumption that the absorption of beta 
particles is an^ponential function of absorber thickness, (To verify thii 
observe that in the previous experiment the absorption was closely 
approximated by an p^cponential function over the first decade or two.) 
Tlierefore, assume tliat the decrease in count rate per unit sample thick- 
ness is proportional to the sample thickness or 




where m = count rate pei* cm*^ thickness of sample 

M = linear absorption coefficient of tlie self-absorbing material 
in cm"^ 

X = sample thickness in cm 
Equation (1) 6 an bo integrated to 



The total observed count rate then from a sample of cross-sectional 
area 0 (cm^) and thickness X is obtained by integrating the activity a.s a 
function of thickness over the entire thickness of the sample, X. 



m = mo G 



( 2 ) ' 



where mo = count rate per cm^ of those atoms located on the surface 
of the sample 

m = count rate per cm^ at tliickness x of sample 



X 




( 3 ) 



0 
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However, 




where H = count rate if there is no seK-absorption 



Therefore 




( 4 ) 



Finally, def^ining a self-absorption factor f as the ratio between 
observed count rate and the count rate if there were no self-absorption, as 



Therefore, for samples of X thickness, the factor f may be used to 
correct observed count rates for self absorption. The constant must be 
obtained experimentally. 

Tf p is expressed as the mass absorption coefficient (fi/p, cm^/g) 
and the thickness as density-thic!aieSS*'(5Tp7^/cm^ ) tlien p will be largely 
independent of the absorber material and only a function of the maximum 
energy of the /3-particles. 

As in Fig. 11, Section 2.4 of the Lecture Matter, if samples of 
constant specific activity but increasing thicknciss are counted the count 
rate will asymptotically approach a constant value. Samples of this thick- 
ness or greater are said to be infinitely thick and if a standard of known 
specific activity is available, then unknown samples at infinite thickness 
may be determined by simple proportion. 



where r = count rate 

a = specific activity 

If it is impossible to prepare infinitely thick samples, the following 
adaptation maybe used. 

If the data for Fig. 11, Section 2.4, is replotted as count rate per unit 
sample weight versus sample weight, a curve as in Fig. 21 will result. 

The curve is extrapolated to zero mass to obtain the estimate of the 
"true"* counts/min mg . Now this is assigned the value 1 and the value at 
each sample mass is calculated as a fraction of the "true" value. These 
fractions are plotted against sample mass to give a calibration curve for 
self-absorption in samples of intermediate thickness. See l*Mg.22. 

Thus we can determine the total activity of a sample of unknown con- 
centration and intermediate thickness by: ' 

(1) Weighing and counting tiie sample. Determine apparent specific 




(5) 



^unknown _ known 
^ unknown ^ known 



( 6 ) 



ability. 



MASS OF SAMPLE IN mg 



FIG. 21. Mass of sample in mg. 






FIG. 22. 



Mass in mg. 





GLASS CYLINDER 
SPRING OF RUBBER BAND 
FILTER PAPER 

SINTERED GLASS 
FILTER STICK 

SUCTION 

L 



FIG. 23. 



Exploded view of 



filtering assembly. 



(2) Determine from a graph, as in Fig. 22, the fraction of its activity 
that will be counted. 

(3) Divide the apparent specific activity by the above fraction to 
obtain specific activity. 

(4) Total activity = mass of sample X specific activity. 

The following experiment will demonstrate the above techniques. 
MATERIAL AND REAGENTS 

Eight 1-in. planchets 

Filter apparatus 

Eight 1-in. glass filter papers 

50-X, 100-X, 150-X, 250-X, 400-X, 500-X, 1 -ml and 2 -ml pipettes 
Solution of Na 2 *‘*C 03 (approximately 3 mg/ ml and 0.0 5 pCi/pil) 
BaCl^solution. 



hlOCKDUllE 



(1) Place the following measured aliquots of a known stock solution 
of radioactive sodium carbonate in six centrifuge tubes; 

50 > , 100 > , 150 > , 400 > , 500 > , 1 ml, 2 ml and 5 ml. 

(2) Precipitate the radioactive carbonate by the addition of excess 
, BaCl 2 solution . 

, (3) Filter samples on preweighed 1-in. filters and wash three times 

with 5 ml of distiliod water (sec Fig. 23). /\irdry. Fix pre- 
cipitate with 1 ml of collodian solution to prevent spread of con- 
tamination. Be sure samples are thoroughly dry, 

(4) Weigh sample's. Place in planchcts and count. 

(5) Count background with an empty planchet in counter . 

(G) Prepare curves from background-corrected counting data as 

described in the introductory material; i.e. count rate vs. sample 
mass, count rate/mg vs. sample mass, and fraction of true count 
rate vs. sample mass, 

(7) Calculate the value of p . For it should be approximately 
0.28 cm^/mg. p can be determined from any point at infinite 
thickness since at infinite thickness x becomes large, therefore 

c-*ix > 0, 1 - > 1. 

(8) Use the end -window G-M survey meter to survey for personnel 
or equipment contamination. 



3, KXPFmiVlENT.S WITH A SCIN*J*IELATION COUNTER 
3 . 1 , Solid scintillation counting 

The following solid .scintillation cryslal.s arc used to detect radiation: 

<y-particlos (activated by silver) spread as a thin layer 

10-20 mg/cm^ 

.J -particles AnUiracene, trans- .stillicnc 

•y-rays Nal (activated by thallium at about 0. T’!. concentration) 

By far the most important application of solid scintillation crystals is 
in tjie detection and measurement of 7 -rays. Scintillation detectors have 
tln-ee distinct advantages over G-M tubes for measurement of 7 -ra>s, 

‘ 1 ‘hese are: 

(1) Higher detection efficiencies (20 to 40 times); 

(2) No significant resolving time corrections up to 1 0’^ counts/ min; 

( 3 ) The output pulse-height is proportional to the "/-ray cnerg>’ lost 
in the crystal. Therefore 7 -ray spectrometry is possible. 

Nal is hygroscopic and is encased in an air-tight metal can. The de- 
tectors arc single crystals and should bo protected against mechanical 
shock or temperature changes. The crystal and photomultiplier tube conilji- 
nation is generally sealed in an air-tight metal case and shielded by lead in 
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the counting position. In spite of shielding, the background of a scintilla- 
tion countc»r will generally be considerably higher than for a G-I\I counter. 
1'his is due partly to electronic noise but mostly due to tlie liigli efficiency 
of Nal(Tl) for background -,-rays. A lower-level pulse-heiglU discriminator 
is used to reject noise pulses, since they arc gcnorally of smaller pulse- 
height than pulses due to tlic pliotons being measured. 

'Vhc following four exercises arc designed to illustrate the use and 
advantage of-, -ray scintillation counting. 

2. J. J. Integral scintillation counting 



M A WM A I S A N I ) B'A : 1 1 'M P N* i 

(1) Nal(Tl) scintillation crystal photomult iplici* delectoi' assembly. 

(2) Single- channel pulse -height analyser and scaler. 

(2)' High-voltage supply. 

(4) Gamma-ray sources of ^ ^Cs, and ^ ^ ' 13a approximately 

0. 1 ,uCi each. 



pHoa:i)L*!u: 

(J) Set the lower -level discriminator to 5 V. Set the diffe rential- 
intogral switch to integral or else disable the upper- level dis- 
criminator. 'The scaler will now count all pulses exceeding the 
lower- level setting, riiis is termed integral counting. 

(2) Set the amplifier gain controls to tlieir minimum value. 

(2) Insert one of tlic above sources in tlio counting chamber. 

(•J) Increase the Itigli voltage to approximately (300 V and turn . 
tlie scaler to tlie count mode. 

(5) Now increase tlic amplifier gain until the scaler begins counting. 

(()) Keep the gain constant and begin recording count rate with in- 
creasing liiglt voltage. Increase the high voltage in steps of 50 \\ 

Do not increase the high voltage above 1500 V or serious damage 
to tlie plnotomultiplier tube will result. 

(7) Repeat counting background only. 

(0) Repeat willi the other two sources. 

I’lot the above data as counts/min versus liigh voltage on 4 or 5 cycle 
semi-log graph paper. 

(9)' Using one of the three sources increase the gain of the amplifier 
by a factor of two and repeat the characteristic curve previously 
obtained. What shift do you note? Wlial change in pliotomulliplier 
tube voltage is equivalent to a gain in two in amplified gain? 

(10) Leave the gain the same as in (9) but increase the lower -level 
discriminator by a faefor of two. You should oljtain the original 
curve for your source. Why? 

(11) If the activities of the three sources are known, plot counting 
yield (coimls/y-ray) versus energy in the highest counting flat 
portion of your cui've. 'Die geometry should be essentially the 
same for all sources, l.’xplain the variation in counting yield 
versus source y-ray energy. (Be sure and consider the number 
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of 7-rays per disintegration from tlie decay schemes as well as 
the Jialf-life and age of the source,) 

(12) Set th^ high voltage at tlie value corresponding to the start of tlie 
plateau for tlie Co curve. Use the ^®Co source and with the 

. lower level discriminator set at 2 V take counts with increasing 
discriminator setting until the count rate reaches background. 
Plot the integral, curve. Explain the inflections of the slope of 
the curve. 

(13) What settings would you use to measure ^^Co in the jiresence of 






FIG. LM. Curve showing cxponeiuial decay of ihc activity of a sample where rj is the count rate at the 
start of the counting interval, and rj+ j- is ilic count rate at the end of interval T. 




2. 1. 2. Rapid radioactive decay 



INTRODUCTION 

/ 

^ The primary purpose of this exercise is the investigation of the I'adio- 
active decay law in one short laboratory period. In this, a short-lived 
radionuclide is observed, and a secondary effect (of less importance) 
iViay be considered. In counting of radionuclides with a very short half- 
life the length of the counting period must be considered as follows. 

Consider the case of counting a radionuclide in which the counting 
period is long compared with the half-life of the nuclide, i. e. there is 
appreciable change in source activity over the counting interval. 

. Figure 24 shows the change in count rate over a counting period T. 

The observed count rate then is equal to the counting yield times the 
total number of atoms that decayed during period T or 



obs 



N, -N,^- 

T 



( 1 ) 



where Nj 

Ni.r 



number of atoms present at time t 
number of atoms present after interval T 
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Since Nj+y = 
then 



. y N,(l • e-^‘ ) 

0l)S ^ 'J» 



If numerator and denominator are multiplied by A then 



“ obs 



= Y 






AT 



or 



*■01, s 




( 2 ) 




(-I) 



Therefore, the count rate at the beginning of a counting period T may 
be related to the count rate observed over the whole period by 



' (1 - e-’^i) 



Inspection of Eq. (5) reveals that if T is small compared with the half- 
life then AT will be small and for AT < 0. 05, (1 - e"'^*) approaches 

With the aid of Eq.(5) the ratio may be calculated for various 

counting periods. If the duration of each counting period T is the same 
throughout a' series of consecutive counts, then the ratio will be 

constant. 

In the following experiment, Eq.(5) will be used to correct the count 
rate of is the metastable isomer of ^ 5713 .^ ^ half- 

life of 2.6 min and decays by emission of a 0. 662-MeV gamma-ray. 



MATERIALS AND EQUIPMENT 

( 1 ) SO.,-H type cation exchange resin (e.g. Amberlite IR -120 or 
Dowex-50) . 

(2) About 200 pCi in solution. 

(3) A conventional burette. 

(4) EDTA solution (approximately 0. 3% adjusted to pH 11-12 with 
NaOH). 

(5) Plastic counting container. 

( 6 ) Stop-watch. 



PROCEDUIO- 



( 1 ) Saturate 50 g of resin with Na^ by leaving it overnight in lO^^o 

NaCl solution. Put a glass-wool plug at the bottom of the burette, 
and fill half up with resin. Hun 1 litre of distilled water ^ipwards 
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through the resin to remove excess NuCl and air bubbles. Allow 
the resin to settle and wash with EDTA solution. (Never allow the 
surface of the KDTA solution to come below the top of the resin 
column. ) 

(2) Lower tlie surface of the solution to the top of the resin and 

apply the ^ '*Cs. Klute the column repeatedly with 1!I)TA solution 
at 10 - min intervals until the amount of ^ ^^”h3a coming through each 
time no longer increases. At each elution the concentration 

in the effluent will be maximum after about a half or a third of the 
resih-column volume of l^OTA solution has run through (but the 
peak is not sharp). 

(3) Take about 0. 5 ml of the effluent ricii in^^^”^I3a in a plastic counting 
container; start counting immediately, using the scintillation de- 
tector (welL-type if available). 

(‘I) The counting should be carried out at 1 -min intervals for a duration 
of 1 min counting time and a total running time of 30 min without 
removal of the sample container. 

(5) At the end of 30 min from the starting time of counting, the 

remaining in the liquid will be much less than 1 T& of the original, 
and most of the count rate observed above empty -container back- 
ground results from some ^ '^Cs leached by the l.'OTA effluent. 

(G) Repeat counting for^l min at 5- min intervals until the count rate 
no longer decreases, and subtract the final count rate from the* 
observed count rate and plot this net count rate from against 
time on semi-log paper. Deduce the lialf-life of from this 

plot. 

(7) I 'SO Eq.(5) to obtain the net count rates at the beginning of each 
counting period, and plot tliese corrected values of net count rate 
against time on semi-log paper. 

2. 1.3. Inverse-square law; attenuation of gamma rays 



i ION 

l*he intensity of tlie 7 -rays from a source of radiation can be reduced 
l)V (a) increase in distance between tlie. source and the point of observation 
and (b) an increase in the shielding material, in the path of the y-rays. 

(a) For a point source, the radiation intensity is conversely proportional 
to the square of the distance if no intervening matter is present in between. 
This is usually referred to as the ‘*invei:se- square law”, and applies to all 
electromagnetic radiation. If the intensity of any source is known at any 
distance, then it can be calculated at any other distance by 



dn 

df 



[1) 



In this exercise, the decrease due to distance of -y-rays from a small 
source is investigated. 
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MATF.KIAI.S AND IIQUIPMHN 1 



(1) or source apprONiniatcly 5-10/.iCi. 

(2) Nal(Tl) scintillation counter system. 






( 1 ) Apply an operating voltage previously determined in 1 ixpcriment 2. 1 . J 
for the scintillation counter. 

( 2 ) Oetermine the background count rate. 

( 2 ) Determine the count rate as a function of distance from the source. 
Increase the distance until the background count is obtained. 

(4) Plot the net count rate versus the distance on log- log graph paper 
and draw the best straight line through the points. 

(5) Determine the slope and explain the reason for discrepancies, if 
any, with the inverse-square law. 

(G) Calculate the exposure dose rate in mR/h at 1 metre from tlie 



(b) *Vhe attenuation by matter of a collimated beam of monoenergetic "i-ray 
photons is exponential. (See Sectirn 2 . 2 . 1 of tlie I,ecture Matter. ) 'I'he 
attenuation ol -)-rays from ^^Co (or ^ ^^Cs) will be investigated. 



MA h:kiai.s and i:(Ani*MPN’r 



( 1 ) ‘The previous experimental set-up is used except that the distance 
between the sample and counter is now fixed. 1 *he source sliould 
be collimated by lead shielding. 

(2) Determine the count rate of the sample without adding any absorber 
between the source and detector. 

( 2 ) Determine the count rate after placing one absorber between source 
and detector. Repeat with increasing amounts of absorbei*. 

(4) Remove the source completely and determine background with all 
the absorbers in place. 

(5) The net count !*nto from the sample is proportional to 7 -ray intensity 
and this is plotted against linear absorber thickness (mm) on semi- 
log paper. 



source. 



( 1 ) ^**Co or ^'^Cs source approximately 5-lOpCi. 

(2) Nal(Tl) scintillation counter system. 

( 2 ) L.ead shielding. 

(4) Absorber set, preferably lead; 

(f))‘ Micrometer for measuring absorber thickness. 



I’Kociirn’Ki: 
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(6) Determine the lialf- thickness of lead for (or ^'^^Cs). 

(7) Explain any discrepancy with simple exponential attenuation, 
i. e. any lack of straight line on semi- log paper. 



\ 



2 , 2 , Liquid scintillation counting 




INTRODUCriON - 

Liquid scintillation counting has the advantage that the sample is dis- 
solved in the liquid organic fluor and there is no self-absorption of the 
beta (or alpha) particle. For this reason, liquid scintillation counting is 
the method of choice for counting low-energy j3 -emitters. Both and ^‘^C, 
the two most important radiotracers in biological research, emit only 
'^3- particles of very low energy. Organic fluors also exhibit a very short 
Jtlecay time of the fluorescence produced and resolving-time corrections 
are not necessary. In addition, liquid scintillation counters can be adopted 
to sample changers which allow automatic counting of large numbers of 
samples. 

The general description of a liquid scintillation counter is found in the 
Lecture Matter, Section 2.3. 2 , The following experiment is designed to 
illustrate its use including methods to correct for ’’quenching". An optional 
exercise demonstrating Cerenkov counting is also presented. 




MATERIALS AND EQUIPMENT 



(1) Liquid scintillation counter — refrigerated or ambient temperature 
(similar to Packard Instrument Co, Model 314 EX series), 

(2) Liquid fluor system: 



Toluene 

PPO^.3-5 diphenyloxazole) 
POPOP (l,4-bis-2-5 

phenyloxazolyl) 



0. 5 litres 
4 g/litre 
0. 05, g/litre 



PPO is the* primary solute. POPOP is termed a secondary solute 
and is used to shift the fluorescence spectrum of PPO to longer 
wavelengths for better matching to the spectral response of photo- 
multiplier tubes. This procedure increases the counting yield and 
is generally used in measurement of 

(3) Benzoic acid-T.-^'^C dissolved in toluene — approx. 0. 02juCi/ml. 
Benzoic acid-^H dissolved in toluene — approx. 0. 1 /uCi/ml (or 
other available compounds of and soluble in toluene). 

(4) Chloroform. 

(5) Sample counting vials. 
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2,2, 1, Determination of optimal counter settings 



PROCEDURE 



(1) 'Pako sufficient time to reatl ilie instrument instruction manual 
and become thoroughly familiar with operating controls, 

(2) Fill the sample* counting vials with an equal measured volume 
of the liquid scintillation solution (15 rnl), (Pipette accuracy 
is not necessary,) 

(3) Pipette 100 A of tlie solution into one vial. 

Pipette 1*00 X of the II solution into one vial. 

Use one vial containing only ilie liquid scintillation solution as a 
background vial, * » 

(4) For a dual-channel instrument: 

Set the lower discriminator of channel A at 10 V. 

Set the upper discriminator of channel A at 50 V, 

Set the lower discriminator of channel 13 at 50 V. 



Set tlie upper discriminator of channel B at IOOaV (or«), 

Channel A w .11 now record all pulse’s with pulse heights between 
10 V and 50 V and channel 13 will record all pulses with pulse 
heiglits between 50 V and 100 V (or«). 

(5) Determine the background count rate Tj, in both channels as a func- 
tion of increasing high voltage. Begin at about 600 V. 

(G) Determine the count rate of Qach sample in both channels Ss a 
function of increasing high voltage, - 

At one particular voltage, the count rate in channel A will bevv 
approximately equal to the count rate in channel B. This voltage 
will very closely correspond to what is known as' balance point 
operation. At this point, a decrease in counts from channel A 
due to quenching will be offset by additional counts from B due 
^ to quenching. Balance point operation provides a condition of high 
counting yield and at the same time a minimuni sensitivity to 
quenching. The balance point settings will hot be the same for 
the two radionuclides, 

(7) Determine the apparent counting yipld (Y) at the balance point 
settings for each radionuclide. It is not known at this point the 
extent of quenching (if any) in the benzoic acid standards. 



2, 2, 2, Determination of counting yield at the optimal settings 

This will be accomplished by the metliod of "Internal Standardization" 
or spiking. After counting at the optimum settings an aliquot of a standard 
(known disintegration rate) is added to each sample. Toluene- and 
toluene - (which are unquenching standards) may be used^and r/iust be 
added very accurately. An amount approximately equal to the sample 
count rate should be added, (The pipetting of labelled toluene is somewhat 
difficult and practice with unlabelled toluene should be taken.) 
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FIG. 25. Effcci of quenching on beta spectrum, in liquid scintillation counter. 

X 




FIG.2C. Oiicneli correction curve. 



TABLE VI. QUENCH CORUECTIONS 



Sample 

No. 


, liquid fluor system 
pm (-1 g/1) and ramp (0.05 g/1) 
(ml) 


i’olucnc 

(ml) 

✓ 


Lniloroforni 

(ml) 


1 




1 


, 0 


o 


M 


o.n 


0.1 


:j 


\ ' 


o.s 


0.2 ^ 


l 


\ 1.1 


0. 5 


0. 5 


5 


11 


-^0.25 ' 


• 0.75 


C 




0 


• 1.0 



After spikin^j, recount the samples and calculate the counting yield Y 
by the following 



Y = 



^*standard samnle- ~ ^'sample 

disintegration rate of standard • 



( 1 ) 



Are the counting yields calculated above the same as determined 
previously for the benzoic acid samples? Does tins indicate any quenching 
effect by the benzoic acid? 
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2, 2,3, Determination of counting yield by the channels ratio method 

This is a very simple method for quench correction and can bo ac- 
complished using any counter with two or more channels. 

As mentioned previoui^ly, the effect of quenching is to decrease the 
energy' (increase the wavelength) of the fluorescence spectrum produced 
by the J-emitter. 3’hisf is illuj^trated in Fig, 25,^ 

As can he seen from Fig. 25r~tHc ratio" of counts in channels A/B 
increased as the quenching occurred. If increasing amounts of quenching 
agent are added to a series of samples of known activity, then a correc- 
tion curve as shown in Fig, 2U may be constructed, 

riiis procedure has been shown to bp^ generally independent of the 
nature of the quenching agent, 

PROc:KI)U(tE 

(1) Prepare a series of counting samples with compositions as 
prescribed in 'Eable VI, Chloroform will serve as the quenchinc 
agent. 

(2) To each of the samples add 100 A of a standard solution of 
toluene- containing 0, 01 /jCi/ml (or similar standard solution), 

(3) At the optimum settings for count each sample in the series. 
Determine the net count- rate ratio of channel A/B, Plot the A/B 
ratio versus counting yield as in Fig, 20, 

2,2,*1, Cerenkov counting in a liquid scintillation counter 

The purpose of this exercise is to demonstrate the use of a liciuid 
scintillation counter in detection of high-energ>' /j -emitters. Water serves 
as the dielectric medium for production of Cerenkov light and scintillation 
fluid, is not necessary. 



MA i niUALS AN’D EgUII»ML'NT 

(1) Standard radioactive solutions of or P approximately 
0. 01 pCi/ml in aqueous solution, 

PKOCEDURJ* 



(1) Fill one counting vial with water and one with standard liquid 

fluor solution. ' 

(2) Add 100 A of Uie (oi' "^“P) solution to each, 

(3) Determine the counting yields for Cerenkov counting, and liquid 

, . scintillator counting, ^ 

The efficiency of Cerenkov light production increases rapidly with 
the energ>' of the beta particles* energy, 3‘he threshold for the effect is 
approximately 0,3 lUeV. 

Discuss the possible advantages of Cerenkov counting in biological 
research, 

■ / 
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3. DECONTAIVUNATION 

INTRODUCnON 

In work with radioactive materials, it is always necessary to know if 
the oY>erator or the procedure is causing contamination of personnel, tlie 
equipment or the laboratory. 

Often a fresh spill on a clean and polished surface can be washed or 
absorbed without resultant detectable contamination. If it is allowed to 
react with the surface, .however, drastic action might be required to remove 

. iU 

The methods of decontamination may be divided into physical and 
chemical. Physical methods include absorption, vacuum cleaning, and 
polishing, and steam or sand blasting. Chemical methods include the use 
of acids and alkali with or without carrier, detergents, complexing agents 
and ion-exchange material. 

This important experiment will consist in contamination of several 
different materials witli several radionuclides and subsequent decontamination 
with commonly used chemical agents. 

MATERIALS AND EQUIPMENT 

(1) Solutions of^^P, **^Ca and^^^I, approximately 1 pCi/ml. 

(2) Small pieces of the fpllowing materials; glass, lead, waxed 



(4) 1% carrier solutions of P, C^and I, e. g. Na^POi, Ca(NQj)o and Nal. 

(5) 2N IICl, acetone. \ 

(6) Absorbent tissue paper. \ 

(7) ^ G-M counter-scaler system. ^ 



(1) Count each material to be tested in the\Sliielded G-M. counter system. 

(2) Using normal radiochemistry laboratory^ precaution s, S 2 . g. protective 
gloves, apron, etc. (see Section 3. 2, Lecture Matter) contaminate 
each material by pipetting 100 X of each radioactive solution on the 

s initial activity. 



linoleum, perspex orTucite, stainless steel, painted wood and 
brick or masonry stone. 



(3) Wash solution; a 1% detergent solution of 0.3% EDTA to which is 
added NaOH to bring the pll to 12. “Radiacwash” is a commercial 
preparation of tliis type. \ 




PROCEDURE 



\ 



\ 




(5) For a second series, use “washing solution” as uecontaminating 
material. Dry the sample, and measure the activity. 



Wipe each surface with a damp tissue paper, dry and measurS 
residual activity. \ 

For a second series, use “washing solution” as uecontaminating 
material. Dry the sample, and measure the activity. 



(C) Try all the relevant decontaminating agents in a similar manner. 
If necessary, as a final step with linoleum, try removing the wax 
with acetone. . \ 



(7) Record all the measured activities, and compare the .effect of 



decontaminating agents upon various substances and ra e 




isotopes 
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(ii) DctCM-minG the extent of contamination of the proleclive elovej: v.orM 
clurin^T tlie experiment. 



4. KXh'UCISKS OX BASIC APl’LICA'nON 

1. Combustion of carbon coni pounds (determination of spec ific acti\ilv 

by persulphate oxidation of comp ound ) 

IN'J’KODI'CTION 

It is not alway'b possible to conifjare specific activities of diverse labelled 
carbon compounds because of differences in crystal structure, ease of 
crystallization etc. Consequently, it is necessary to convert all sucl] 
compounds to a common one, A convenient one is carbon dioxide, whicl), 
for practical purposes, we measure as tiie barium salt, HaCOa, 

Combustion may be performed in two major ways: "dry" combustion 
and "wet" combustion. In dry combustion the sample is burned in the usual 
manner with CuO for determination of formula composition, except that the 
CO 2 is caught quantitatively in an insoluble form, that is, either as the gas 
or as carbonate. h\ wet combustion the compound is dissolved in a solution 
which includes the oxidants. Two commonly uHc6 solutions, the \'an Slyke 
combustion mixture (IBSO.,, C 10 O 7 , IdOj, lial^'O^) and the persulphate ndxture, 
differ sharply in their response according to the amount of water present. 

I'he utility of the former diminishes ra))idly with increasing water content 
wlicreastho latter uses water as a .solvent. The convenience of water a.s a 
solvent may well be an over-riding faetor, as is illustrated in this experiment. 

Oxidation of an aqueous solution of a vai'iety of organic compounds 
(including acetate, succinate, glucose and acetone) may be accomplished 
quantitatively with potassium persulphate (K 2 S 2 O 8 ) at about 100° C, The COj 
evolved is quantitative and is caught in a NaOIl gas-washing bottle and 
converted to BaC 03 plating, 

REAGENTS AND MATERJALS 

(1) CIl3^‘*COONa, 

(2) 200 nig K 2 S 208 - 

(3) 1 ml 0 % AgNQa, 

(4) 0, IN NaOH, COo-free, 

(5) IloO, COo-free, 

( 6 ) BaCl 2 (saturated aqueous solution), 

(7) CH 3 OII, abs, 

( 8 ) N 2 gas, or COo-free air, 

(9) Flow apparatus, consisting of a two-necked reaction flask, an II 2 O 
condenser and a gas-washing tube, 

(10) Filter apparatus (chimney and filter-stick), 

(11) Centrifuge, 

(12) Infra-red lamp, 

(13) Analytical balance. 

(14) Calibrated standard (i,/e, infinitely thin ^**C source of usual sample 
area and containing known number of dis/niin). 
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KIG. - 7. Assembly for combustion of carbon compounds and conversion of CO, produced. 
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prcx:edure 

( 1 ) 

(2) 

(3) 

(‘i) 



(J-3) 

(G) 

( 7 ) 

(«) 

( 9 ) 

(10) 

( 11 ) 



( 12 ) 

(13) 

(14) 



Arrange the flow apparatus as shown in 27, 

Calculate the amount of CIl 3 i'*COONa needed to produce approximately 
50 mg of BaCQj, and place into the reaction chamber. 

Add about 20 ml IIoO, 200 mg K 0 S 2 O 8 and 1 ml .5% AgNOs. (No 
reaction occurs at room temperature,) 

Heat the reaction vessel to 70° C for 20 min; tlien increase the 
temperature slowly to boiling, and maintain until tlie solution 
becomes clear or the persulpliate is dissolved. 

Simmer 10 min longer and sweep the system for an additional 10 min 
to r</move all traces of 1 *^ 002 . \ 

Wash the inlet of the gas -washing system with bor-free water 
combining the wasliings witli the 0, IN NaOII, 

Add sufficient saturated BaCU solution to precipitate all tlie ^‘*C02. 
Transfer quickly to a centrifuge tube, and centrifuge immediately 
(or stopper and centrifuge at will). 

Wash tlie precipitate once with C02"free water and then with 







abs, CHaOH, 

Re -suspend in CII 3 OII, and filter onto the filter apparatus. 

Place an infra-red lamp 4-5 cm above tlie plating apparatus, and 
continue drawing warmed air through the apparatus for 10-15 min, 
by which time the BaC 03 plate will have dried. 

Weigh immediately. 

Count sample and standard. 

Calculate the absolute specific activity of sample (dis/min per mmole), 
making corrections for self-absorption anc( taking the counting yield 
of the standard into account. 
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Ol’KSTION'S 

\ 

(I) State the cgnclitions for preference for persulphate versus \'an Slyke 
oxidation in’ocedures. 

(II) What is the fate of the per.sulpliate in the reaction? 

•1 . 2 , Tracer dilution cliomi.stry 

INTU(M)rCTION' 

One of tlie important advantages of using a radioactive substance in 
quantitative analysis is that a quantitative isolation of the comijound to be 
determined from a material is unnecessary. A simjile isotopic dilution 
analysis of tlie phosphorus concentration in an unknow'n solution by comparison 
with a solution of known phosphorus concentration will be conducted in tiiis 
experiment. The radioisotope technique illustrated by this experiment is 
advantageous in any situation where a normal quantitative determination of 
the test substance is not feasible for some reason. 

iu:a(;knts and MAraiAi.s 

(1) Solution containing 0.20 mmole P/ml solution. 

(2) Unknown P solution (of the order of 0 . 1^). 

(3) Solution containing about “ 0 . 1 MCi ('’carrier-frbe" or of known P 
concentration). 

(4) Fiske's reagent (13 g lUgO, 17a g citric acid, 330 ml 25% NIE,OIl 
in water to give a 1-1 solution. 

(5) 25Co Nil, OH. 

* ( 

\ 

(1) Mark six lOO-ml beakers as Uj, Uj*, LV , K and K' , and 
pipette into tliem, respectively, the following aliquots: 

Uj Uj' 5 ml unknown 

IJ 2 U 2 ' 20 ml unknown 

K K* 5 ml of 0. 2CM II 3 PO., solution 

(2) Pipette accurately 1 ml of active phosphate solution into each 
beaker, and mix thoroughly. 

(3) Add slowly 10 ml of Fiske*s reagent and 10 ml of 25"b NH.jOIl 
while swirling. 

(4) After 5 min decant tlie supernatant from the precipitates; 
wash three times with distilled water and once with methanol. 

(5) Transfer the major part of the precipitates into weighed and 
marked counting cups. The amount of thick slurry of the 
precipitate transferred from the K-beakers should bo rouglily 

in between the amount from the Uj- and U 2 “boakors, respectively. 

( 6 ) Dry the thick slurry under an infra- rod lamp, trying to make the 
surface oven. 

(7) After cooling, weigh the cups plus precijutates, and determine 
woi gilts of ]3rocipitato alone. 
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(o) croujit t:io (• ,.i 

(:*) thu auii\-il:. . ‘ I' in tlu* .: n :n j, ? ;n cpij. p»n- 

iTiniolo. X/ 

(10) Calculalo the- moiarity ol’ ii*o unknown P-.‘.;oli;tion. 



(1) Do lliL- value;: ublaiiKid i*oi’ I ^ nn-l V> eojno out unuu’? 

(lO Wlial (JificM-CMiuc cloos i: jnaku to tk.e eab.-nl;Uion o:’ unkiwjwn V cone, 
if the aclivilic-s of the san.plos ni’O ex])i-OF;oeu un cjjin jjor ni:r 
precipitate? Explain. 

(;0 Can the unknown P cone, bo (leloi*miiK;f.l i‘i*orn tlie \vei;Tb.i.s of 
the precipitates alone? 

K k Jvin etics of oxch aiiL’o bolweeii ions in soluiion and those in solid form * 



lNTKO!>i’/:i-ion 

It is often observed tit at at ec[ui librium the total cone onti*at ion of a 
subslanee disti’ibiitod in two phases remains couslaiu with resj)Ocl to time. 
This, liowever, tloes not inipiy that the indi\‘idual ionic or molecular species 
is r'.'sti’icled in one phase. Instead, dynamic oxeliaiu^c of ionic or inolecuiar 
species between the two phases is continually takiiu; place. 

By the introduction of a radioacti\*o tracer, it is [lossible to invesTigate 
the dynamic exchange of a species under ociuiiibrium conditions. 

In this expo rim onl, tlic exchange of ions between a solution and a solid 
surface will bo studied by ol)sor\'alion cf the appi-oaeh to tracer equilibrium. 

The necessary equations for tliis system were do\‘eloped in Lecture 
.Matter, Section 5.3, Equations (‘14-53). 'J3ie system can be analyijod as a 
.closed, two-compartmem model in the steady slati.'. 

Tile model in l-^ig, 23 describes t'lu system: 



1 




o 


S, 




$2 


Ri 


P 




0| 




^2 




^1.2 





KU-.’JS. *\!odol of .1 twn-corr.p.u':i;c;il 'v Uni i;i the Uc.lJy .-tAtc. 



Li Fig, 2o lei compart nient 1 bo tr.e solution and cornptirtmenl 2 
ropi'Gsent the solid surface. ^ 

Sj = stable isotope (trace'e) in solution 
So = stable isotope (tracoo) in the solid 

= activity (cpm) of tracer isotope in solution 
Ho = activity (cpni) of tracer isotope in solid 
ai = specific activity cpm /mmole in solution 
ao = specific activity cpm/mmolo in solid 

at t = 0 the label is added to the solution, therefore ai(0) = U/Si 
whore R = total tracer activity 
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Il now the sysloni i.s sainj)i»ji.l ii.'j t oMui!.iijri\m;, lii-.' 

I’irsi-ordci’ i-nlo coiuJinnVs i;. . raai .a.d .i. .. I'-a.' 

(.lotorinincd ‘as clo\ eloi)od i!i I>is ( : - • >). 

k:a'IDIA!.s KOi ;rN:i:N'7 

(1) .'Viiioa-ONcluiji. u ivaii:, •: . f • ■ .1 

(1^) /K‘i (la .;!: -iu.( :;a ^ 

(3) Soluiion o:' 1 V “ Ai 1H\.. 

(4) Pipedtoa and : i.i- 1 , i..: :,a 

(5) StOiJ" watch. 

(G) G-.M coinitcr. 



PROCtaJURK 



( 1 ) Alcasuro 2 ml ol‘ v.\:{ ca.t Lon-i. .s-h. rv<[\\ hao a lAm-::. y,. a , 

(2) Add 100 11,1 of Kll-I'Cf; 

(3) Now add tlic 3 ^C:\ ip, a :0-mI aijy-.n,; oi llic* nh.osainP! s-av. 
bcLdn stindii..; an<.l simuU.ua-C'U.-:;-. - i. dio sloiJ- watcl:. i a!:.- • 

1 ml of tlie bUi)Ornatanl SLduLaii o', :> plant hot a; ■ 

following.; Unios : I, 3. (i, 7, j, 10, 13, 20, 20, ;o 

GO min a-flon addition o: i:\acoi'. 

It is iini>oriam U> avoid pciiin:, c, ;^i;i pa, Acius irpo ii:o phu’ - na 
riic* tip 01 thi? pi polio must In' *' 0 ',o.r'j *. i!’. a fin 0 ‘-inos!: olf' h - 

during liilimn O l.c' L’lij') :s i‘omo\a”' 2.;a pu* ouipi\ini>, anal 
replaced bci oi‘o ti:o uoal lillin.p ! Ua \i\jcn saiiiplinn iho stjiation 
.sliould be continuousiy stirred m •a'.iminalo the acUvi1> c.nit. murat i^.n 
ip'a client no:*.r tlio rosin par tie has. 

(4) 131'A' tlie ,s:iinjdA?.r (\ind.i‘r the in.A ;\*- 2 i. ;.jp) aiu! deiei’mino fr.o 
caciivity in caci: sample usinp tlie Oi-Al eoniiior. 

(.3) Since tiie concentration of P iit soitiiio]i was constant, the com;: i\.\v. 
per ml of solution is proportional to aj. ai(u) may be dotormin.odi 
by extr apolation oi* by calculation. 11' a^ - a (Tiio equilibiduMi \ aUie) 
is plotted versus time on semi-log' graph paper, then the slope may 
be detcrinined and the cxcliange rate of P between solid and soluion 
as well as tlie two rate constants. In this instance, is knenvn 
and S must be determined from the ecjuilibriuiii value and the Sj 
by differenco. 

Calctilate tlic cxcliange rate in inmolc/min. 'J’here is no chemical 
procedure to determine tins value. 

4^4. Neutron cactiv ation analysis for silver 



This exercise will serve to illustrate the neutron activation analysis 
technique. 

Natural silver consists of isotopes of mass 107 and mass 100 in about 
equal abundance. Upon neutron capture, yields which has a 

half-life of 2.42 min, and ^°^Ag yields ^^^Ag, which has a half-life of 0.41 min 
Both radion tic lidos arc energetic /3- emitters and may be detected easily by 
G-M counting. Li this experiment, tlic amount of silver in a coin will be 
estimated by tlic comparator method. Because of the very short lialf-lives 
of the silver isotopes, the unknown (coin) and the comjjarator will be 
separately irradiated but in precisely tlic same way. 
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K!ATKiJlAl.S AN’P K(,n i[’N!Km‘ 

(1) MocleratcMl I -al>oi'atoi'v Xeuiroii Sourt'L* — a a-Ci Pu-!»e source* 
or similar.. 

(2) Coin ol' apprucialile silver content. 

(;i) Iniro silver toil. 

(4) C-M counter. 

iMU'CErniMu: 



(1) Wei^^h tlie coin aiul recoru tlie weiLjlit. 

(2) Weigli tlie silver ioil comparator (cut lo tlie same shape and sl/.e 
as the coin) and record the wciglil. 

(d) 'I’lie remaining procedure should he duiilicatcd for the coin and the 
comparator. 

(4) Irradiate for exactly lU. 0 min by the neutron source, liinsurc there 
is ajiproxiniately G-8 cm of paraffin between the source and sample 
position. 

(a) 'rcriiiinato the irradiation and quickly transfer the sample to the 
G-M counter. 

(G) Exactly 30 sec after the irradiation start counting for an interval 
of 24 see. Record the scaler reading, quiclcly reset and start 
a second 24 -sec count after the) irradiation. 

(7) Continue taking two 24 -sec counts per minute until 7 min after 
the irradiation. 

(8) Subtract the background from each count and plot the log of the 
net count rate versus corresponding time after irradiation. 

(0) Since the net count rate will be due to tlie activity of both silver 
isotopes with two different half-lives then the above plot will be 
a sum of two separate exponential functions. These can be analysed 
by extrapolating the straight portion of the observed count rate to 
zero time. This line should have a half-life of 2.42 min. If this 
line is subtracted from the observed count rate a second exponential 
will result. The half-life of this seeond exponential should be 
24 see. 

(10) Determine the ratio of the intercepts of the two exponential functions. 
Tliis should be the ratio of the aetivities of the two silver isotopes 

This ratio should be approximately tlie ratio of the 
activation cross sections of Compare with published 

data. 

(11) Determine the silver content of the coin assuining tlie comparator 
is lOO^'o silver. 

(12) What assumptions were used in tlie above calculations? 



4.5, Determination of copper in biological material by neutron activation 
analysis 

INTRODUCTION 

Because of the low Cu content of biological materials, any chemical 
means to determine it quantitatively requires largo amounts of material. 
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Activatinj^ tlie Cu present in biological material witli neutrons lias the 
advantage of requiring only a small sample for a quantitative determination. 

Copper-G3, wliicli is GU.2% abundant in natural copper, is activated to 
*’tu, whicli lias a half-life of 12.7a h and emits /3-particles of 0. a? MeV 
and 7-rays of 1.34 MeV. Activation for one ’J’l (12.3 h) gives a specific 
activity of ^ 50 rnCi/g. Simultaneously, of course, is activated to ^*^Cu, 

but its half-life of 5. 1 min is too short for the chemical separation procedures 
that arc necessary. 

In this experiment the Cu content of plant or animal tissue is determined 
by the comparator method. .After activation, the tissue is digested, Cu 
carrier is added and mixed with the radioactive Cu. Cu is then sc]iaratcd* 
non-quantitativcly by a chemical method and weighed and the ^**Cu is counted. 
Idle specific activity of the unknown sample is then compared with the 
sjiecific activity of a known Cu standard and the Cu content of the original 
tissue sample is calculated. 

n E A ( i: N 'vy> a n n i-;or U’ m en i' 



( 1 ) 



( 2 ) 



24N 11^:03 (cone. ) 

IGN HN;Q3 (cone. ) 

N HNO^ 

loN ClhiCOOII (cone. ) 
15N Nn,iOII (eonc. ) 

2N Nll.pl I 



15% Na.nSOj (wt/vol.) 

2 0% IvSCN (wt/vol.) 

10% Fe(Nq3)3 (wt/vol.) 

10% NH.1H2PO.1 (wt/vol. ) 

2Vo salicylaldoxime in ethanol 



Acetone 

SOj-saturated water 

Cu carrier (20 mg Cu/ml): 6. 28 g Cu (Cl l3C02)2H20 in 100 ml 
water 

Reactor or neutron generator capable of 10^“n/cm“ sec fluxes. 
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Idike about 0. 05 g of tissue and 1 {ug of Cu standard sealed in polytliene. 

Activate for 13 li in identical neutron fluxes. 

(1) In a hood, transfer tissue and standard to 50-ml centrifuge tubes, 
and add 10 drops of 24N HNOj. Boil until tissue has dissolved, 
and add 10 mg of Cu (0.5 ml of Cu carrier). Make up to 4 ml 
with water; add 1 ml of Na^SOj and 1 ml of KSCN. Boil, and spin 
down CuSCN when it has settled, reject supernatant and wasli 
precipitate, witli hot water saturated with SO2. 

(2) Dissolve precipitate in 0.5 ml of liot 16?^ HNO3; add 5 drops of 
Fe(NC>j):3 1 drop of NII4II2PO.1, tlien 15N NII3 till dark brown. 

Boil, spin down Fe(OI!)3 precipitate and wasli it once with 2N NII3. 

(3) Combine supernatant and wasliings in a frosli tube, and acidify 
witli C113C02B till pale blue. Tlien add 0. 5 ml of 16N HNO3, 1 ml 

of Na2SOj and 1 ml of KSCN; boil and spin down CuSCN. Pour away 
supernatant and wasli precipitate with hot water saturated with SOo. 

(4) Dissolve precipitate in 0.5 ml of IGN IINOj; add 15N NII3 until 
solution is deep blue and CH3CO2II until it is pale blue. Add 3 ml 
of salicylaldoxime, and boil for 3 rnin. SjDin down precipitate, and 
wash it twice with water and once with acetone. 
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( >) Slurry preciinialL* \vilh aciSuiK- oiUo a wciL'liud aUnniniun! L-ount.i;. 
tray; dry under a lamp, raid count with a. Nal(ri) sc. mill;: ( : ^ »a > * .:• 

Correct counts for decay and chocl'; the nali-lil'e of ti.c- SL*p;u\d - i ' 
riie cliemi^al slciis lal^e about 2 li for eiclu samples. i’lie cl.-.u. • 

yield is about 7a'!o, 



as!' < ;im?aay 

•',0 > 0, /ip, of f'u is '.sjiuaaii^ pL raiipe for detormiiiaiitai v.illi!!; : u 

arcur, c y 

kmac i; . 

l.ar. amounts o[ .dia- mi Ju i]itoi'f-.*r' ■ lu'caust; of tlio rc.icU:on 
* V'm(ti, ji) ‘till. 1 up (>:' . j'af in tin- yicids '’kin cajulv.uoiit if 

7 % 1 U ' * u;'. o! copprn' . 



o.MnTi.a i a 



/m (in in sample - 



cpm sanipK' . \vt str.nd;u’(I Cu-salicy : alrioxine; 
(‘j)in standard ' \vt sanpilo Cu- saiicyi-ildoxins ■ 



r 
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MENTAL EXERCISES 



(!) When the /. -numbin- of .til niKlicios i.'5 plotted areiiii.jt the 's'-iumil.u/r; 
isotopes 01 a [larticular elomcnt will be found on iiorii'.onial 
line, 'rhis kind of representation is usually itiven on nuclear chart::. 
How can tiie decay products of a j:)articu]ar nueJide be found after tiiu 
innis. si on of * 

a -j-iartiele? 

i p'“ ■■ }Kirticle (oiect ron)? 

' -[lartieh; (i)osilron)? 

-;-ray? 

elociron capture (K’-caplm*e)? 
internal conversion? 
neutron? 

(?) Witi' th(‘ aid of a nueJoar chart, find liic decay products of ’“'C, -'■'.Na 
‘^Nr and 

(3) Calculate tlio weight of 100 uhd of carrier-free • •(? and lUO uCi of 
carrier -fi*ec ‘^'-’Nai 

(•t) Lf a solution has a concentration of 100 ^Ci of carrier -free ^ i^er ml, 
calculate its molarity. 

(a) A sample of *'^Co lias an activity of 1 Ci, calculate its activity 2 years 
later. 

((>) A radionuclide has lost 13/^^ original activity in 3? min. 

CalcuLaic tlic liaif-life of 1 lie nuclide. 

(V) is formed from ^^’Cs. How many mCi of will ,be formed 

from 100 mCi of ^‘''Cs in 1, 2 and 20 min? 

Answer: 23.0 rnCi, *12.0 mCi and 09. .07 mCi. 

( 3 ) Determine the daily decrement (in per cent) of activity of any^^P 
preparation. 

(0) A “'^Na sample {T\ = M.8 h) had a counting rate of 2-J 000 cpm. One 
liundrcd liours latjr it gave 200 cpm. Houglily estimate the dead-time 
XI f the O-.M counter, 

(10) Th6 activity of in o g of natural carbon sample willi background was 
iound to liave 10.2 cpm, Tiie background of the counter was 4, 0 cpm 
and the counting yield was 0%, Neglecting the statistical deviation 
calculate the content. Ti - OGOO yr. 

(11) Tlie background counting rate of a G-M counter system is .30 cpm. 

A sample is counted giving a total of 4000 counts in 10 min. 44ie 
background is counted for 0 min. Calculate the net count rate of 
the sample and tiio standard deviation as a jjcrccntago of the not 
count, rate. 

(12) A 0. 1-mg .sample of pure underwent 1.4 X lu^' dis/min. Calculate 

the half-life of this radioisotope. 

(13) CalculatoA^*^ Ihicknc.ss of lead shielding nccessai-y to i* educe the 
exposure dose in air to 2.0 mR/h at 1 m from a lOO-mCi soui-cc. 
Hint: U.so Eq. (22) and assume the lialf-thickncs.s of lead for ' 'Co 
7 -r:i.ys\to bo 1.3 cm. Answer: 7, 0 cm. 
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(14) Indicate the increase or decrease in number of neutrons and protons 
and the mass number after the following nuclear reactions: 



(15) Scandium is to be determined by the activation method. Assuming 
the lower limit of the determination to be 50 cpm at 10% G-M counting 
yield, compute the minimum amount of scandium determinable if the 
sample is subjected to a neutron flux of 10 ^“ n/crrr sec for 2 h. 

Assume the (n, 7 ) reaction is the most likely reaction and that the 
shielding effect is negligible, 

(16) What would be the specific activity of phosphorus having a cross-section 
of <7 = 0,2 b after irradiation by a neutron flux of lO^-n/crti- sec for 1 h, 
1 d and 10 d? 



whole-body dose of 700 rads, an amount almost certain to be fatal. 
Assume the body to be of the specific heat of water and calculate the 
resulting temperature rise. 

Answer: 117 calories, 1,7 X 10'^ degC, 




/ 



(17) Calculate the energy absorbed by a 70-kg man who has received a 



» 
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APPENDIXES 



APPKNDIX 1 



INTECiUATION OK KQl A riOX (1). 'HIK UAOIOAC TlX’h: DKCAV LAW 



(iiven 




Sepai-aiiny “Variables for the indefinite inieyraiion 



/ dX 
X 



= - A, ' dl 



Now inleyraling 



In X = - A l ^ C 



(1) 



(^) 



(^) 



where C is liie constant of inlef^ration'. C is e\aluaied at any initial 
conditions whiclvare 



< ’ X = No at t 0 

.o' 

r y ' * ' 

That i's Nq is liie number of atoms present at any initial time. 

Therefore, at 

, t ^ 0, (■ = InXo (4) 



SubstiUitiny (4) into (3) 

In N - In Xo = - A t 




N^ow taking Uie anti logarithm 



iL 



e 



•\i 



or 



N = Noe’’^' 



(5) 



(6) 



(7) 
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APPENDIX II 




DEIIIVATION or EQUATION (20) SECTION 2,5 IN UOCTLIIE MATTEK 



From Eq. (19) 



TnJi ^ ilk ^ 
ts lb ^ 



( 1 ) 



By takin^^ iho derivative of both sides 

2o,j do,j = - (lu - E.'ltb (2) 

To obtain the minimum value set doj^ -• 0; and since the allowed 
counting time is constant 



and 



dt = dtj ’ di^ ~ 0 
cits = - dlj, 



Tlicreforc, rearranging Eq, (2) 

i h _ _ nj)_ 



The rcfore 




ik = V 

^ s ** s ^ b '* 



(;5) 



(-1) 



((i) 



(7) 




c> 
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APi^NDIX III 



ABRIDGL;U VBUSIOX OF 'I'ABLE OF RECOMMENDED MAXIMUM 
PERMISSIBLE CONCENTKA riONS OF RADIONUCLIDES IN alR . ND 
IN DRINKING WATER AND MAXIMUM I^’ERMISSIBLE BODY BURDENS 
FOR OCCUPATIONAL EXPOSURE 

Published in Report of Commiuer J ICRP ( 1962 ) 



K-idionucIidL 


Ctitical 

organ**' 


M;:ximum pcrmirnblc concentrations 
For gO-h week roi luo *h '.eeck 


/ ! 

Maxim u.m ponni^blc , 


(MPC),, 

pCi/cm^ 


(•YW),i 

;jCi/crn^ 


(Mrc)v,. 

IjCi/crri^ 


^.Ci/err.^ 


burJe.'. in tala^oJv 

I ■ 

\ ' i 


;H (MTOcr 

(sol.) 

y 


, Body 
tissue 


0.1 

1 

1 


r> X 10 


0. 03 


2 X 10“'^ 


to 

o 

L 


(T J (iubniersion) 


Skin 


r 

1 . 


2 X lu'5 




•1 X 10'* 


- 


ibc (sol.) 

(insol. ) 


Gi (LU) 
Total body 


1 

0. Oo • 

1 1 c X 10 '^ 


0. 02 


2 X 10*^ 


COO 


Lung . 

GI (LU) ‘ 


I 0. 05‘. 


lO'C 


0. 02 


4 X 10“' 


- 


■;C(CO,)6 (sol.) 

(submersion) 


o 

o 

to 


•1 X 10-6 


S X 10*> 10‘« 


300 


Total body 




5 X lO’S^ 


' 1 10*' 


- 


1 I 


GI (SI) 


0. 02 


.) X 10‘® 


S X 10"’ 


2 X 10'« 


- 


GI (UU) 


0.01 


3 X 10’6 


5 X 10*> 


9 X 10’’ 


- 


5jKa (sol. ) 

(insol. ) 


Total body 




2 X 10“^ 


i X 10“^ 


C X 10** 


10 


Lung 
GI (LU) 


■J X 10 


d X 10 


3 X 10’^ 


3 X lO'S 


- 


1 Col. )■ 

(insol. ) 


Gi(si) j c;j<io‘S 


‘10"S 


2 X ID’S 


•1 X 10*’ 


- 


Gi (LLI) ; 


\ 10'^ 


10’^ 

> 


o X 10'^ 


5 X 10** 


. i 


JJSi ‘(sol.) 


GI (S) 


0. 03 


G X 10"« 


-2 X 10** 


2 X 10'* 




GI (UU) 


6X lO'S 


10’6 


2 X 10’3* 


3 X 10*’ 


' 



^ Tlic abbreviations GI, S, SI, UU and LLI refer to jjastrointestinal tract, stomach, small intestine, 
upper large intestine and lower large intestine, rtspcctivcly. 

^ See word of caution. Section 3. ‘J.2, Basic Part. 
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Critical 


Maximum permissible concentrations 
For 40 h-wcek For 168-h week 


Maximum 

permissible 


Radionuclide 


organ ^ 


(MPC)w 

((iCi/cm>) 


(M?C)a 

(fiCi/cm3) 


(MPC)^^ 
(|iCi/cm’ ) 


(MFC) a 

0iCi/cni3) 


burden in 
total body 
(liCi) 




(sol.) 


Bone 


5x 10’^ 


7xl0*" 


2x 10’< 


2x 10- * 


6 




( insol.) 


Lung 

Gl(LLl) 


7 X 10-^ 




2x lO,”* 


3x10-* 


- 




(sol.) 


Testis 


2 X 10" ’ 


3x 10-^ 


6x 10-* 


9xl0-> 


90 




(insol.) 


Lung 

Gl(LLI) 


8x10*^ 


3 X 10-7 


3 X 10-3 


9x 10’» 


“ 




(sol.) 


Total body 


'2x 10‘> 


4x10-' 


8x 10-* 


10-' 


80 




(insol.) 


Lung 

Gl(LLl) 


2 X 10’^ 


2x 10‘® 


6x10-* 


8x 10-9 


■ 


”C1 


(sol.) 


GI(S) 


0.01 


3 xl0‘* 


4x l6*^ 


9x 10‘3 
( 


- 




(insol.) 


Gl(S) 


• 0.01 


2x10'* 


4 X 1 Q- 3 


7x10-' 


■ 


IJAr 




Total body 




2 X 10-* 




4x 10-7 


‘ ■ 


(submersion) 
















(sol.) 


Gi(S) ' 


9x10"* 


2x10-* 


3x 10-3 


TxlO'^' 






(insol.) 


GI(LLI) 


6x10'^ 


10-7 


2x10'* 


4x10-® 


- 




> (sol.) 


Bone 


3 X 10-^ 


3x 10-* 


9x10-5 


10-* 


30 




(insol.) 


Lung 

GI(LLI) 




10-' 


2x10-* 


4x 10’® 


. : 




(sol.) 


Bone 


10-3 


2x 10‘? 


5x10-* 


Qxl0-» 


5^' 




(insol.) 


Gl (LLI) 
Lung 


10-3 


2x10-' 
■ 2x10-' 


3x 10-* 


6x lO''*' 
6xl0-«- 


- 


«SC 


(sol.) 


GI(LLI) 

Liver 


10-3 


2x10"'. 

2x10-' 


* 4x^10-* ■ 


8xl0-« 
8x 10-® 


10 




/(insol.) 

/ 

y 


Lung 

GI(LLI) 


10-3 


2xl0‘" 


4x 10-* 


8x10-® 


- 


5JSC 


(sol.) 


GI(LLI) 


3x10-3 


6x10-^ 


9x10-* 


2x 10-' 


- 




(insol.) 


GI(LLI) 


3x10-3 


5x10-' 


9x10-* 


2x 10’7 


- 



^ The abbreviations GI, S, SI, ULI a! ’ LLI refer to gastrointestinal tract, stomach, small 
intestine, upper large irtcstine and lower large intestine,' respectively. 
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Maximum permissible concen^ret^ns 


Maximum 


• 




Critical 


For 40 h- week 


For 168- 


hWeek' 


permissible 


Kadionuciide 


.I 




1 






burden in 








(MPC)w 


1 (MPC).i 


(MPC)w 


(MPO^i 


total body 






f 


(pCi/cm’) 


(pCi/cMi’) 


(pCi/cin’) 


(pCi/cni5) 


(pCi) 




(sol.) 


^ ’ 
GI(LLD* 


8x10*^ 


2x10’^ 


3x 10’* 


6x10’* 






(insol.) 


GI(LLI) 


: 8 xlO’^ 


10’^ 


3x10’* 


5xl0’« 


’ 


5!v 


(sol.) 


GI(LLl) 


9x10-^ 


2x10’* 


3x10’* 


6x10’" 


- 




(insol.) 


Lung 




C X 1 O' 1 




2x 10*8 


. 






GI(LLI) 


8x10’* 




3x 10’* 




' . 




(sol.) 


GI(LLI) 


0.05 


10‘^ 


02 


4x 10’* 


. 






Total body 




10’ ^ 




4 X 10’« 


800 




(insol.) 


Lung 


, 


2x10** 




8x 10’' 


- 






GI(LLI) 


0.05 




0.02 




- 


■ «Mn 


(sol.) 


GI(LLI) 


10* ’ 


2x10*' 


3x 10’* 


7x 10’« 


’ 




(insol.) 1 


Lung 




10-' 




5xl0’» 








GI(LLI) 


9x10'^ 




3x 10’* 


5x10’* 




«Mn 


"'(sol.) 


GI(LLI) 


4x10'* 




10’3 




. 




• 


Liver 




4x10’' 




■ 10*' 


20 




(insol.) 


Lung 




4x10’* 




10’» 








Gioll) 


3x10’ 5 




10’5 




- 


sl-c 


(sol.) 


y^pleen 


0.02 


9x10’’ 


8 x lp‘* 


3x lO*'' 


105 




(inpjM 


Lung 




10*6 




3x10*' 


- 






GI(LLI) 


0.07 




0.02 




- 


« ■ 






A 












‘ (sol.) 


GI(LLI) 


2x10’^ 




6x10** 




- 






Spleen 




10*' 




5x 10’" 


20 




(insbl.) 


Lung 




5x10*" 




2x 10’" 


- 






GI(LLI) 


2x10-5 




5x10** 




\ 




(sol.) 


GI(LLI) 


10’ 5 


3x 10*' 


5x10** 


, 10- ' 








Total body 








10-7 


10 




(insol.) 


Lung 




9x10’’ 




3xl0-« 


. 




% 


GI(LLI) ' 


10’ 5 




3x10** 




- 




(sol.) 


Bone 


6xl0’5 


' 5x10-' 


2x10-5 


2x10*7 


105 




(insol.) 


Lung' • 




8x10*' 




3x 10-' 


- 






GI(LLI) 


0.06 




0.02 




- 



^ The abbreviations GI, S. SI, ULI and LLI refer to gastrointestinal tract, stomach, small 
intestine, upper large Intestine and lower Urge intestine, respectively. 
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Maximum permissible concentrations 


Ntaxinum 






Critical ' 


For 40- 


h- week 


For 1C8- 


h week 


pcnmssibk- 
buideti m 


Kadioniiclide 
















organ 


(MPC)w 


(MPC)a 


(MPC)k 


(MPC) .1 


total body 






‘ 


(/iCi/cm’) 


(;rCi/cm’) 


0iCi/cm>) 


(pCi/cm’) 


(,.Cn i 




(sol.) 


Gl(LLl) 


0.01 


2x10** 


3x10*’ 


7x 10' ' 


i 






\ - 














(insol.) 


61 (LLI) 


6x10“’ 


lO** 


2x10'’ 


4x 10*’ 


* 




(sol.) 


Total body 


■ 3^<10-.5 


10'\ 


10^3 


4 X 10‘* 


':o 




Prostate 


/ 


10*’ 


10*’ ; 


4x 10"® 


70 






Liver 


I0’» 


10\’ 

> 




so 




(insol. ) 


Lung 




6x lo:* 




2x 10‘“ 


- 






Gl(LLI) 


5x10-’^ 




2x10*’ 




* 


3C 


(sol.) 


GI(S) 

Prostate 


0.05 


7 xl0‘* 


0.02 


2x10' * 


0.8 


K 


V. ^ (insol.) 


GI(S) 


0.05 


9x10"* 


0.02 


3x10'* 


- 


;|Ga 


J (sol.) 


Gl(LLI) 


’ / 
10-5/ 


2x 10*^ 


4x I0*“ 


8x10'“ 






(insol.) 


GI(LLI) 


10*’ 


2x10'’ 


4x I0*“ 


6x10'“ 


- 


»Ge 


(sol.) 


Gl(LLI) 


0.05 


10'* 


0.02 


4x10** 


- 




(insol.) 


Lung 

GI(LLI) 


0.05 


6x10'* 


0. 02 


2x10'* 


- 




(sol.) 


GI(LLI) 


6xl0‘* 


10'’ 


2x10'* 


4x10'* 


- 




(insol.) 


GI(LLI) 


6x10'* 


10-’ 


2x 10'* 


3x10'“ 


- 


















;;sc 


(sol.) 


Kidney 


9x10*’ 


10'* 


3x10*’ 


4x10’’ 


90 


. 


Total body 


7. 


10'6 


3x 10'3 




100 




(insol.) 


Lung 

GI(LLI) 


8x10"’ 


10*’ 


3x10*’ 


4 X 1 0'“ 




5>Br 


(sol.) 


Total body 


BxlO'S 


10'* 


3x 10-3 


4x10-’ 


10 




GI(SI) 


8x10'’ 




3 X 10*3. 




" 




(insol.) 


GI(LLI) 


10* s 


2x10'’ 


4 X 1 O'* 


6x10"“ 


• 


«Rb 


(sol.) 


Total body 


2x10"’ 


3x10“’ 


7x10'* 


10*’ 


30 






Pancreas 


2x10'’ 


3x 10*’ 


7x10-* 


10-’ 


30 






Liver 






•• 


10'7 


40 




(insol.) 


Lung 




7x10'“ 




2xlO'S 


• 






GI(LLI) 


7x10'* 




2x10"* 







^ The abbreviations GI. S» SI. IILI and LLI refer to gastrointestinal tract, stomach, small 
intestine, upper large intestine and lower large intestine, respectively. 
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Maximum permissible concentrations 


Maximum 






Critical 


For 40 


-h week 


For 1 68- 


-h week 


permissible 


Rad ion 




organ 


(MPC)w 


. (MPC)., 


(MPC)w 


(MPC),i 


burden in 
total body 








(fiCi/cnC) 


(/iGi/cm^) 




(mCi/cju*) 


(pCi) 




(sol.) 


Paricrease 


3x lu' ^ 


5x10*^ 


10“* 


2x10’’ 


200 






Toral body 








3X 10“’ 


200 






Liver 








2x10-’ 


200 




(insol. ) 


Lung 




7x10-" 




2X 10' ■ 


- 






GI(LLI) 


5x 10'3 




■JxlO’* 




- 




(sol.) 


Total body 


3 X KTV 


3 X 


10-3 


8x 10-" 


00 




(insol.) 


Lung 

•GI(LLI) 


5x10’^ 


10**’ 


2xl0“* 


4x 10-" 


; 




(sol.) 


Done 


3 X 10-4 


3 X 10’" 


10“* 


10' * 


4 




( insol.) 


Lung 




4x 10-" 




10-" 


- 






GI(LU) 


8x 10’“* 




3x10"*. 






’'’Sr 

31 


(sol.) 


Bone 


4x 10’6 


3 X io;»o 


10“ * 


10- 10 


4 O 




(insbl.) 


Lung 




5x 10-® 




2x 10-« 


■- 






Gi (LLI) 


10‘3 




4x10"* 




- 


90 Y 
39 * 


(sol.) 


GI(LLI) 


Cx 10*-* 


10’^ 


2x 10'" 


2x10-" 


- 




(insol.) 


GI (LLI) 


Cx 10'* 


10’’ 


2x10"* 


3x 10*" 




’‘y ■ 

39 


(sol.) 


GI(LU) 

Done 


8x lO'-* 


4 X 10-" 


3x 10’" 


10'* . 


5 


* 


( insol.) 


Lung 




3 X 10'" 




10'" 








GI(LLI) 


8 X 10’-* 




3x10-" 




. - 


’'■Zr 

40 


(sol.) 


GI(LLI) 
Total body 


'J X 10’^ 


10' ’ 


GxlO’" 


4x 10’" 


20 




( insol.) 


Lung 




3 X 10- ■ 




10’> 


- 






GI(LLI) 


'J xl0“^ 


• 


o 

X 




- 


”Zr 

40 


(sol.) 


GI(LLI) 


5x 10-'* 


10-’ 


2X10’" 


4x10’* 


- 




( insol.) 


GI(LLI) 


SxlO--* 


0xl0“" 


to 

X 

o 


3x10-" 


- 


«Nb 


(sol.) 


GI(LLI) 


3x 10'^ 




10’* 


2x 10’^ 


- . 






Total body 




5x10’’ 




2x 10’^* 


40 




(insol.) 


Lung 




10“’ 




3x lO'* 


- ’ 






GI(LLI) 


3xl0“3 




10“3 








^ The abbreviations GI, S, SI, ULI and LLI refer to gastrointestinal tract, stomach, small 
Intestine, upper large intestine and lower large intestine, respectively. 
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Critical 


N'.aximuin perniissible concentrations 
For -loh week For lGrf*h week 


NLixinuim 
perinissibic 
burden in 
total body 

(pCi) 


Kaoioimcnue 


organ ‘‘ 


(MPC)w 

(fiCi/cm^) 


(Ml’C)a 

(pCi/cin^) 


(N!PC),, 

(MCi/cm^) 


(MFC) a 
OiCi/cm’) 


”Mo 


(sol.) 


Kidney 
Gl (l.l.I) 


0 X 1 0’^ 


7 X lO'* 


2x10"^ 
2x 10"3 


ax 10"’ 


8 




( insol. ) 


GI (LLl/ 


10’^ 


‘Jx 10-^ 


4xl0‘< 


7x10'* 


- 


r,Tc. 


(sol.) 


01(^11) 


;i X 10'^ 


t;x 10’^ 


10'^ 


2x10"’ 


* 




(insol. ) 


GI (LLI) 


10'^ 


a X 10" ■ 


5xl0’< 


’8x10"* 


* 


•u 


(sol.) 


Gl(LI.l) 


4 >. 1 0‘^ 


8 X 10"" 


10"< 


ax 10*" 


- 




(insol.) 


Lung 

GI(LLl) 


a X io‘^ 


f.v 10“9 


10"< 


2xl0"3 


- 


IS 


(sol.) 


GI (LLI) 


4 X 10“^ 


8x 10"^ 


10'3 


axio"’ 


- 




( insol. ) 


GI (LLI) 


a X io‘^ 


5x 10“^ 


10"^ 


2x10"’ 


- ■ 


.OJpj 

•V. 


(sol.) 


GI (LLI) 
Kidney 


0.01 


10"<^ 


3x10’^ 


5x10"’ 


20 




(insol. ) 


Lung 

Gl(LLI) 


8^ 10'5 


7 X 10“’ 


3x10’^ 


axio” 


- 




(sol.) 


GI(LLI) 


a X io'5 


Gx 10’’ 


10"^ 


2x10"’ 






(insol.) 


Lung 

GI(LLI) 


a X 10 -^ 


8x 10“> 


10’ 3 


3x10"* 






(sol.) 


GI(LLI) 


10-^ 


ax 10"’ 


•1x10“ * 


10"’ 




' 


( insol. ) 


GI(LLI) 


10'^ 


2x10"’ 


4x10"* 


8x lO"* . 






(sol.) 


GI(LLI) 

Liver 

Kidney 


5x10"^ 


5x10'"' 


2x10*3 


2 x (o'* 
2xl0‘» 


20 

20 




(insol.) 


Lung 
GI (LLI) 


5x 10"^ 


^ 7 X 10"" 


2V10*3 


3x10"" 






(sol.) 


GI(LLI) 

Bone 


2 X 1 0’^ . 


4x 10"T 


9x10"* 


10"’ ■ 


30 




^ ( insol, ) 


Lung 

GI(LLI) 


. 2xI0“5 


6xl0-» 


8x10“* 


2x10"" 


- 



^ The abbreviarions GI. S. SI, ULI and LLI refer to gastrointestinal tract, stomach, small 
intestine, upper large intestine and lower large intestine, respectively. 
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/ 


Maxirninn perimssible concctitr.uitins 


Maxitnum 




CUiical 


Tor -lu- h week 


I\)r 1 f >■" 


‘h week 


permissible 






otgati 


(MPC),, 


(Ml’C)a 


(MPQw 




burden in 
total body 








(pGi/em^) 


(jiCi/cm^) 


(iu:i/cm') 




(pCi) 




(sol. ) 


CI(I.U) 


3 MO' ^ 




10'^ 


2 X rt'" ■ 


- 






Lung 




3 X 1 O' ' 




2. 10-’ 


•10 






Total body 








2 X 10’' 


r^'J 






Botic 








2 ■ K'-' 


7u 




(insol. ) 


Lung 

GK1.LI) 


3 • 1 U" ^ 


3 > 10''* 


10'^ 


O x lu'^ 


* 


Tc 


(sol.) 


GI(LLI) 




2x 10'^ 


3 X 1 0'^ 


IL*'' • 


- 




(insol. ) 


GI (l.LI) 


")x 10' ^ 


0 X 10'* 


2 X 10'^ 


3 X 1 O' ’ 


* 


'■:tc 


(sol.) 


GI(S) 


0.0-J 


.3 X 1 0'« 


H X 10'^ 


2 X 1 0'^ 


‘ 




(insol.) 


GI(ULl) 


0 . 0‘J 


. .1 V 10*'; 


X 1 O’* * 


lu"' 


- 




(sol.) 


Thyroid 


1 

Ox 10-'’ 

1 


f 

Ov lU*’ 


2 X 1 o‘s 


3x10'’ 






(insol. ) 


GI(LLI) 


2 >-10'^ . 


3 ■ 10‘‘ ' 


tlx lu"^ 


10- ■ 


- 


i 

1 




Lung 




3x10'* 




10' ' 


‘ 




(sol.) 


Thyroid 


2:.;10'' 


2x10-’ 


o X 1 0-^ 

1 


M . 10'" 


0.3 




■ (itisol.) 


Gl(l’M) - 


3x10'^ 


Ox 10*' 


2x1 0-^ 


3 X I O' ' 


‘ 




(sol.) 


Thyroid 


2 X 1 O' ■* 


3x 10'" 


7 >. 1 0-^ 


10-" 


0.3 




(itisol. ) 


GI(LLI) 


.10'^ 


2 X 1 O’’ 

. . i 


*1 X 1 0‘* 


7x10'* 


* 




(sol.) 


Thyroid 


A > 10- ’ 


X 1 0- ’ 


10'^ 


2 X 1 C*' ' 


0.2 




(itisol. ) 


“gI(S) ' 


0,02 


3x 10'^’ 


Ox 10-:> 


10'<- 






(sol.) 


Thyroid 


7 MO'-* 


rO'' 


2 X 1 O' < 


•1 X 1 O' * 


0.3 




( insol. ) 


GI (l.LI) 


2x10"^ 


•i > 1 O' ■' 


7 X 10'* 


10- ’ 


- 


■”Xc 


(siihttietsion) 


Total body 




10' 




3x10'^ 


. 


















(subinctsioKx_ 


J<?tal body 




-1 X 10'^ 




lO"’' 






(sol.) 


Total body 


A X lO'”* ' 


<;>. 10'* 


2x 10'* 


2X lO-^* 


30 






Liver 






2 X 10'* 




•10 






Spleen 






2x 10’* 




50 






Muscle 






2x 10'* 




.SO 


• 


(itisol.) 


Lung • 
GI(LLI) 


10'^ 


10'* 


•lx 10'* 


5x 10'’ 


- 



^ The abbreviations GI, S, SI, ULI and IXI refer to gastrointestinal tract, stomach . small 
intestine, upper large intestine and lower large intestine, respectively. 



r 

V 



B1 



83 



/ 



P 





Critical 


Maximum permissible concentrations 
For 40- h week For 168- h week 


Maximum 
permissible 
burden in 






organ * 


(MPC)w 

(nCi/c.'ii’) 


(MPC)a 

(pCi/cm’) 


(MPC)w 

(^iCi/c;:]^ 


(MPC).i 

(ijCi/cm*) 


total body 

0iCi.> 




(sol.) 


GI(LLI) 

Bone 


8x10“'* 


10’^ 


3X lO*'* 


4 X lO'* 


4 




(insol. ) 


Lung 

Gl(LLI) 


7x 10-'* 


4x 10’® 


2 X 1 0- '« 


I0'« 


- 




(sol.) 


Gl(LLl) 


TxlO-** 


2x10“^ 


2x 10“'« 


5x10'® 






(insol. ) 


Gl(LLl) 


7x lO’** 


10-^ 


2x10’'* 


2x10-' 






(sol.) 


GI(LLI) 


10-5 


3x10-’ 


5x 10“'* 


10’’ 


- 




(insol. ) 


Lung 

Gl(LLl) 


10“’ 


2x 10-^ 


SaIO’-* 


Gx 10'* 


- 




(sol.) 


GI(LLI) 

Bone 


6x 10“5 


Gx 10“® 


2x 10“5 


2x 10’* 


GO 




(insol. ) 


Lung 

GI(LLI) 


Gx 10“5 


10’’ 


2X10“ 5 


3x 10“* 


- 




(sol.) 


Gl(LLI) 

Bone 


0.01 


Gxl0"» 


4x 10’5 


2x 10“* 


100 




(insol. ) 


Lung 

GI(LLI) 


0.01 


10-’ 


4 X 10’’ 


5x 10“> 


- 


f.3 

{ J.2 h ) 


(sol.) 


Gl(LLI) 


2x 10“5 


4x 10“^ 


GxlO"* 


10“’ 


- 


(insol. ) 


GI(LLI) 


2x10’5 


3x 10“’ 


Gx lO’** 


10“’ 


> 


(13 ys) 


(sol.) 


GI(LLI) 

Kidney 


2 x 10“5 


10“ 8 


8x lO’-* 


4 X 1 0* * 


20 




(insol. ) 


Lung 

GI(LLI) 


2x 10"’ 


2x 10““ 


8x 10“* 


Gx 10- ? 






(sol.) 

j 


GI(LLl) 

Kidney 

Bone 


nxio--* 


4x10“’ 

4x10“’ 


2x10"* 


10“’ 

10-* 


5 

5 




f 

(insol. ) 


Lung 

GI(LLI) 


Gx 10“'* 


7x10“’ 


2x 10"* 


2x10“’ 


- 



The abbreviations GI. S. SI. ULI and LLI refer to gastrointestinal tract, stomach, small 
intestine, upper large intestine and lower targe intestine, respectively. 



Radionuclides 


Critical 

orgsin 


Maximum permissible concentrations 
For 'ID'h week Fur IC^-h week 


Maximum 
permissible 
burden in 
total body 


(MPC)v. 

(i.Ci/crn^) 


(MPC)., 

OiCi/crn^ 


(MPC)w 

(i:C;/c:u^ 


(MPC)a 

(iiCi/cr:;5) 


(sol.) 

(insol.) 


GI(LLI) 


BxlO'< 


2x 10'^ 


3> \ 0 -* 


7 V 10' ‘ 


’ 


GI(LLI) 


9xl0'< 


2x 10’^ 


3y 10’ « 


7 1 

G 1 0* ’ 




'^jTm (sol.) 

( iiisol . ) 


GKLLI) 

Bone 


10’^ 


4 X IQ- ^ 


5x10’" 


10’" 


9 


Lung 

GI(l.LI) 


10'^ 


3 xl0*‘ 


5x 10’< 


10’' 


’ 


’ijLii (sol.)* 

(insol. ) 


GI(LLI) 


3x10’^ 


Gx 10’^ 


10’^ 


2 X 10’’ 


• 


GI(LLI) 

Lung 


3x10'^ 


5x10’ * 


10’3 


2x10*’ 
2 • lO’T 


• 


**‘Ta (sol.) 

(insol. ) 


GI(LLI) 

Liver 


10'5 


4x10’’ 


4 X lU'^ 

1 

1 


1 

10** , 


7 


Lung 

GI(LLI) 


10'^ 


2 X 10’' 


4x10*" 


7x10’’ 


• 


(sol.) 
(insol. ) 


GI(LLI) 


0.01 


2x10’^ 


4 X 10-3 


8x10’’ 


- 


Lung 

GI(LLI) 


0.01' 


10’^ 


3X 10’^ 


4xl0’* 


• 


(sol.) 
(insol. ) 


GI(LLI) 
Total body 


0.02 

0.02 


3xl0’‘ 


GxlO'5 


9x10*’ 


8.0 


Lung 

GI(LLI) 


8x10'^ 


2x10'^ 


3x10’^ 


5x10*" 

A 

t 




'”Ir (sol.) 

(insol. ) 


GI(LLI) 


GxlO-^ 


10*‘ 


2x10’^ 


4 X iO*’ 


- 


Lung 

GI(LLI) 


5x10*^ 


4 X 10’^ 


2X10*5 


10-’ 


- 


‘”Ir (sol.) 

(insol. ) 


GI(LLI) ' 

Kidney 

Spleen 


10'^ 


10’^ 

10’’ 


4x 10’< 


4x10’" 


6 

7 


Lung 

GI(LLI) 


10'^ 


3x10’" 


4x 10'< 


9x10*’ 


• 




^ The abbreviations GI. S, SI, ULl and I.LI refer to gasiroiniesilnal tract, stomach, small 
intestine, upper large intestine and lower large intestine, respectively. 
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A. 









Maximum permissible concentration 


Maximum 






Critical 


For •JO 


'h week 


For 1C8- 


■ti week 


permissible 
burden in 
total body 


Kaaionuciiues 


organ ‘‘ 


(MPC)w 


(MPC)a 


(MPC),, 


(MPC)a 








(^Ci/cin^ ) 




(MCi/cm3) 


(/it:iA-m3) 


(jiCi) 


ni|.t 


(sol.) 


GI(LLI) 


•1x10'^ 


8x10*^ 


10’3 


3x10’^ 


- 




( insol. ) 


GI(LLI) 


3 X 10’ 3 


Gx 10“^ 


. 10’^ 


2x 10“’ 


- 


Mj-t 
■ « 


(sol.) 


Kidney 


0.03 


10*^ 


Ox 10’ 3 


4x 10’’ 


70 




( insol. ) 


Lung 

GI(LLI) 


0.05 


3 X 10* ‘ 


0.02 


10’’ 


- 


J^-'rt 


(sol.) 


GI(LLI) 


4 xlO'^ 


8x10“^ 


10*3 


3x 10’’ 


- 




( insol. ) 


GI(LLI) 


3 X 10-3 


Gx 10“ ’ 


10*3 


2x 10’' 


- 


»:;Au 


(sol.) 


Gl(LLI) 


5x 10'3 


' 10'^ 


2 X 1 0*3 


4x10’’ 


- 




( insol.) 


Lung 




Cx 10'^ 




2x 10’’ 


-- 






GI(LLl) 


4 X 10“3 




10“3 




“ 




(sol.) 


GI(LLI) 


2x 10“3 


3x10*^ 


5x 10'* 


10“’ 


- 




( insol. ) 


GI(LLI) 


10“ 3 


2x10'^ 


5x 10“* 


8x 10’« 


- 




(sol.) 


GI(LLI) 


5 X 10'3 


10‘‘ 


2x10-3 


4x 10’’ 


- 




(insot. ) 


GI(LLI) 


4x10-3 
•• \ 


8x10-^ 


2>: 10“3 


3x 10’’ 


- 




(sol.) 


Kidney 


0 X 10“ 3 


10'^ 


3x 10’3 


4x10’’. 


4 




( insol . ) 


GI(LLI) 


O.Ol 


3x10“^ 


5x 10“3 


Ox 10’’ 


- 




(sol.) 


Kidney 


5x 10“* 


7x L0-“ 


2x 10’* 


2x 10’«. 


4 




( insol. ) 


Lung 

GI(LLI) 


3 xlO‘3 


10“ ' 


10’^ 


4v 10'® 


■ 


H) 


(sol.) 


GI(LLI) 


0.01 


3 X 10‘<^ 


4x 10“3 


‘Jx 10’’ 






( insol. ) 


Gl(LLI) 


1 10“3 


10‘^ 


2x 10’3 


4x10’’ 






(sol.) 


GI(LLl) 


0 X 1 0“ 3 


2 X 1 0“** 


3x 10'3 


7x10’’ 






( insol. ) 


GI(LLI) 


5x 10‘3 


Ox 10“* 


2 X 1 0“ 3 


3x 10*’ 




- ■n ■ 


(sol.) 


GI(LLI) 


4 X 10'3 


8x10-^ 


10’3 


3x10'’ 






( insol. ) 


■■ Lung 




2x 10*^ 




8x10'* 








GI(LLl) 


2 X 10*3 




7x10“^ 







Tile abbreviations GI, S. Sl» ULI and LU refer lo gastrointestinal tract, stomach, small 
intestine, upper large intestine and lower large intestine, respectively. 

an 
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Radionuclides 


Critical 
organ ‘‘ 


Maxiiuuin permissible cuiiceiitraiioih 
For 40‘h week lor l«.u--h week 


Maximuiii 
permissible 
burden in 
total body 
0*Cl3 


(MPC)vv 
(pCi/cni^ ) 


(MPC)a 

(liCi/cm^) 


(MPC),,. 

(pCi/em^ 


(MPC)a 

OiCi/em') 


■ (sol.) 

(insol.) 


GI(LLI) 

Kidney 


dxlO'^ 


ox 10* ' 


10*' 


2 X 1 u‘* 
2x 10*^ 


lo 


Lung 

GI(LLI) 


2x10'^ 


3 X 10* * 


ox lo- ■' 


9x 10'^ 


- 


(sol.) 

(insol.) 


GI(LLI) 


0.01 


3 X 10"^ 


4x10-3 


9 X 1 0* ' 




GI(LLI) 


0.01 


2x10'® 


4 X 10*3 


Ox lo*^ 


- 


^‘»Pb (sol.) 

(insol.) 


Kidney 
Total body 


4x lO'*^ 
4x10'® 


10* 


10-®- 

1U‘® 


4 X lu'“ 


0.4 

■1 


Lung 

GI(LLI) 


5xl0‘* 


2x 10*i« 


2x10-3 


ri X lu‘“ 


- 


•;;i-o (sol.) 

( insol.) 


Spleen 

Kidney 


2x 10*5 
2x10’^ ■ 


5xl0*>« 
5x 10-i« 


7x10*® 


2xl0r*'‘^ 

2x10'*®' 


0.03 ■ 
0,04 


Lung. 

GI(LL!) 


8x10** 


2x10-*® 


3x10** 


7 X lO'*’ 


- 


^“.\t (sol.) 

( insol. ) 


Thyroid 

Ovary 


5x10-5 

5x10*5 


7xl0'® 

7 X 1Q-® 


2 X 10*5 
2x10-5 


2 X 10*® 


0.02 

0.02 


Lung 

GI(ULI) 


2x10"^ 


3xl0*“ 


7x 10'* 


10*® 






Lung 




3 X 10*^'^ 




10*’v 






Lung 




3 X 10"8»1' 




10-8:;; 




(sol.) 

(insol.) 


Bone 


4x10*^ 


3 X 10-“ 


10*^ 


10*** 


0.1 


GI(LLI) 


9x10*^ 


2 X 1 0*^ 


3X10-^ 


Ox 10’» 


- 


’r/c (sol.) 

( insol.) 


Bone 


Cx 10'5 


2x 10-*2 


2x lO’** 


8x 10**3 


0.U3 


Lung 

GI(LLI) , 


9x10’^ 


3 x^O’** 


3x10’^ 


9 X 10**3 





*•’ The daughter elciueiiis of and are assumed to be present to the extent that ific) 

occur Jn unfiltered air. For all otherisotopcs the daughter elements are not considered as p3irt of the / 
intake: and, if present, they must be considered on the basis 'of the rules for mixtures. 

^ The abbreviations GI, S, SI. ULI and LLI refer to, gastrointestinal tract, stomach, small 
intestine, upper large intestine and lower large intestine, respectively. 
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Radionuclide 


Critical 

organ 


Maximum peroiiissible concentrations 
^ For -lO-h we^l^ For iCa-h week 


• Maximun} 
permissible 


(MPC)w 

(/x:iA:m’) 


(MPC)a 

(^i/cm^) 


(MPC)w 

(liCi/:m^) 


( MPC) a ■ 
(/iCi/fcin ^) 


burden in 
total body 
(fiCi) 


’“■n, (sol.) 

( Insol. ) 


GI(LLl) 

Done 


5xl0'< 


GX 10'* 


2X10"® 


2x10*^ 


•1 


' Lung 
GI(LU) 


T) • lO’-* 


J X 10’® 


■JX 10-® 


10- « 


• 


90 Th- nat='= ( sol. ' 


Bone 


• Jx 10"V. 


‘d X 10'^‘" 


10’ 


Cx 10'*^ 


0. 01 


Lung 

Gl(LLI) 


J X 10"^ 


•lx 10'»? 


10*® 


10'*^ 




(sol.) 

(insol.) 


Gl(LLl) 

Bone 


Ox 10*^ 


5x loV® 


dx 10'® 


2x 10*‘® 


0.05 


Lung 

Gl(LLI) 


9x 10’^ 




3x 10*® 


4x 10'** 


- 


(sol.) 

(insol.) 


GI(LLI) 

Kidney 

Dope 


8 X 10"< 


5x 10’*® 


3x 10'® 


,2X 10-*® 
2x10* *® 


0.03 

0.06 


Lung 

GI(LLI) 


8x10*^ 




3x10'® 


*1 X 10*‘* 


- 


« U-nat (sol.) 

( insbt.) 


GI(LLI) 

Kidney 


*5x10*^ 


7 X 10- “ 


2x10'® 


3x I 0*“ 


5x- 10 


Lung 

GI(LLI) 


5x 10*^ 


G V 10- 


•jxjO*® 


2xlU*‘* 


- 


(sol.) 

(insol.) 


Done 


10‘< 


■J X lu '* 


5x10’^ 


ux 10’*^ 


0.04 


Lung . 
GI(LLI) 


8x10“^ 


•1 X 10*“ 


3 X 1 0'^ 


10' “ 


- 


\\‘Am (sol.) 


Kidney 

Done 

—i! 


10 ’* ' 

\ 0 '* 


0xl0->* 
o X 10'*‘ 


‘1 X 10'-‘ 


2x 10~ *^ 
■2x10* 


C.l 

0.05 


(insol.) 


Lung 

GI(LLI) 


8 X 1 0*^ 


10-*® 


3x10*® 


•1 X 10““ 


• 


(sol.) 


. Gl(Ll.l) 
Liver 


7 X lO”^ 


10''® 


2x 10'® 


‘I X 10*“ 


' c 

0.05 


(insol.) 


Lung 

GI(LLI) 


7 X lO"^ 


2 X 10'*® 


2 X 1 O'® 


Gx 10'*‘ 


. 



Provisional values for Th-nat. 

; ’ The abbreviations Gl. S. SI. ULl and LLl refer to gastrointestinal tract, stomach, small 

intestine, upper large intestine and lower larg'* intestine, respectively. 
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APPENDIX IV 



irb\V»TO l^UT.ON AND'TAKE OFF HUBBElt GLOVES*' 

fhe technique employed in tliis procedure is such that the inside of 
the glove is not touched by. the outside, nor is any part of the outside 
allowed to come into contact with the bai’e skin. 

The pi-ocedure is as follows: 

(1) The gloves should be dusted internally with talcum powder, 

(2) The cuff of each glove sliould be folded over, outwards, for 
about 5 cm. 

(3) Put one glove on by grasping only the internal folded-back part* 
with the other hand. 

(4) Put the second glove on by holding it with the fingers of the 

glo\3d hand tucked in the fold and only touching the outside of 
the glove. i! 

(5) Unfold the gloves by manipulating the fingers inside the fold. 

(6) In taking off the gloves, seize the fingers of one glove' by the* 
other gloved hand and pull free. 

(7) Take off, the other glove by manipulating the fingers of the free 
hand under the cuff of the glove and fold it back so that an 
internal part is exposed which may be seized, and the remaining 
hand fi*eed. 

It is a great advantage if the inside and the outside of the gloves 
are distinctly different, e.g. in colour or texture. 

APPENDIX V 

^ RADIOACTIVE WASTE CONTROL AND DISPOSAL^ 



WASTE COLLECTION 

In all working places where i*adioactive wastes may^ originate, 
suitable receptacle^ should be available. ’* 

Solid waste should.be deposited in t*efuse bins with foot-operated 
lids. The' bins sliould be lined with removable paper or plastic bags to 
facilitate removal of the waste without contamination. 

Liquid waste should, if no other facilities for liquid waste disposal^ 
exist, be collected in bottles kept in pails, or trays designed to retain aU 
their contents in the event of breakage. 

All receptacles for radioactive wastes should be clearly identified. 

In general, it will be desirable to classify radioactive wastes a,ccording ' 
to methods of disposal or of storage and to provide separate container.s 
for the vai'ious classifications used. Depending upon the needs of tlie in- 



* Adapted from j*Safcly Techniques for Radioactive Tr.iccrs**, Cambridge (1958). 

^ Adapted from the International Atomic Energy Agency Safety Series No. 1: Safe Handling of 
(tadioisotopcs (1902). 
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siallation, one or more of the following bases for classification of wastes 
may be desirable: 

Gamma- radiation levels (high, low), 

Total activity (high, intermediate* low), - 

Half-life (long; short). 

Combustible, non-combustible. 

l*’or convenient and positive identification, it\nay be desira<tjle to 
use both colour coding ai^d wording. 

Shielded containers should be used when necessary. 

11 is generally desirable to maintain an approximate record of 
quantities of radioactive wastes released to drainage systems, to sewers, 
or for burial. Th^s may be particularly important in the case of long- 
lived radioisotopes. Tor this purpose it is desirable or necessary to 
maintain a record of estimated quantities of radioactivity deposited in 
various receptacles, particularly those receiving-high levels of activity 
or long-lived isotopes. Depending upon the system of control used by 
^ the installation, it may be desirable to provide for the receptacle to be 
marked or taggech*wihi a.statement of its contents. 

Radioactive wastes should be removed from working places by 
designated personnel under*the supervision of the' "radiological healtli 
and safety officer". 

WASTE STORAGE 

All wastes which cannot be immediately disposed of in conformity 
with the requirements of the competent authority have to be placed in 
suitable storage. 

Storage may be temporary or indefinite. Temporary storage is 
used to allow for decrease of activity, to permit regulation of the rate 
of release, to permit monitoring of materials of unknown degree of 
hazard or to await the availability*of suitable transport. Indefinite 
storage in special places lias to be provided for the more liazardouij 
wastes for which no ultimate disposal method is available to the particulai* 
.user.^ 

Storage conditions should meet the safety requirements for storage 
of sources. 

Tiie storage site should not be accessible to unauthorized personnel. 
(Control of animals should not be overlooked.) 

The meUiod of storage should prevent accidental release to the 
surroundings. 

Appropriate records sliould be kept of the storage. 



DISPOSAL OK WASTES TO THE ENVIRONMENT 
General considerations ' 



Disposal of radioactive wastes to the environment should be carried 
out in accordance with the conditions estajjlished by the "radiological 
health and safety officer" and by the c6mpetent authority. 
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The ways in which radioactive materials may affect the environment 
should be carefully examined for any proposed waste -disposal method. 

The capacity of any route of disposal,, to accept wastes safely depends 
on the evaluation of a number of factoi4,/many of which depend on the 
particular local situation. By assuming* Unfavourable conditions with 
a'espect to all faotors, it is possible to set a permissible level for 
waste disposal which will be safe underall circumstances. This usually 
allows a very considerable safety factorl The real capacity of a particular 
route of waste disposal can only be found by a lengthy study by experts. 

The small user should first try to work within I'estrictive limits 
wliich are accepted as being saf^ and whifch will usually provide a workable 
solution to the problem of waste disposal.\ Such a ’restrictive safe limit « 
is provided by keeping the level of activity at the point of release into tlie 
environment below the permissible levels Tor non-occupationally exposed 
persons recommended by the International\commission on Radiological 
Protection for activity in drinking water or^in air and indicated in 
Appendix III. This rule should be superseded if the competent authority 
provides any alternative requirements or if ^ocal studies by experts 
pro vide\reasonable justification for other levels, 

\ ^ 

Disposal to«di^c^ins ‘and sewers \ • . • 

The release of wastes into drains doeg not usually need to be con- 
sidered as a direct release into the environment. ‘Hence, a restrictive 
i?afe limit will usually be provided if the concentrations of radioactive 
waste material based on the totaL available flow of water in the system, 
averaged over a moderate period (daily or monthly), would not exceed 
the maximum permissible levels for drinking water recommended by 
the International Commission on Radiological I**rotection for individuals 
occupationally exposed; these are indicated in Appendix III. This would 
provide a large safety factor since water frorq drains and sewers is not 
generally to be considered as drinking water. However, in situations 
where the contamination affects the public water supply, the final 
concentrations in the water supply should be to, the levels set for non- 
occupationally exposed persons. Some poesent studies suggest that if 
the contamination affects water used for irrigation, the final concentra- 
tions in the irrigating water should be lower by a factor of at least 
ten below .the levels set for OQCUpational exposure and the possible build 
up of activity in the irrigated lands and crops should be carefully surveyed. 

,l‘‘inally, before release of wastes to public drains^ sewers and I’ivei’s, 
•the co^mpetent authorities should be informed and consulted to ascertain 
that no other radioactive .release is carried out in such a way that the 
accupnulation of releases will create a hazardous situation. - 

Radioactive whstes disposed to drains should be readily soluble or 
dispersible in water. Account sliould be taken of the possible changes 
of pH due to dilution, or other physico-chemical factors which may lead 
to precipitation or vaporization of' diluted materials. 

In general, the excreta of persbns being treated by radioisotopes 
do not call for any special consideration. (Tliis, howevei*, does not apply 
to the unused residues of medicaT isotope shipments.) 

Wastes should be flushed down by a copious sti*eam of water. 

The dilution of carrier-free material by the inactive element in the 
same chemical form is sometimes helpful. 
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Maintenance work on active drains within an establishment should 



only be carried out with the knowledge and under the supervision of the 
’’radiological health and safety officer". Special clsu'e should be given to 
the possibility that small sources have been dropped into sinks and 
retained in traps or catchment basins. 

The 2*elease of waste to sewers should be done in such a manner 
as not to require protective measures during maintenance work of the 
sewers outside the establishment. Unless other agreement has been' 
reached with the authority in charge of these^ sewers. The authority 
in charge of the sewer system outside the establishment should be in- 
formed of the release of radioactive wasted in this system; mutual dis- 
cussion of the technical aspects of the waste disposal problem is desirable 
to provide protection without unnecessary anxiety. 

Disposal to the atmosphere 

Release of radioactive waste in the form of aerosols or gases into 
the atmosphere should conform with the requirements of the competent 
authority. . ’ . ' ^ 

Subject to the competent authority, concentrations of radioactive 
gases or aerosols at the point of release into the environment should not 
exceed the accepted maximum permissible levels for non-occupationally 
exposed persons referred to in Appendix III. If higher levels are re- 
quired and protection is based on an elevated release point from a stack, 
such levels can only be set after examination of local conditions by an 
expert.. 

Even if activity b^loW permissible levels is achieved at the release 
point for an aerosoly a hazard or nuisance may still arise from fall-out 
of coarse particles. Therefore, the need for filtration should be assessed, 

Use'd filters should be handled as solid wastes# 

Burial of wastes 

Burial of wastes in soil sometimes provides a measure of protection 
not found if the wastes are released directly into the environment. The 
possibilities of safe burial of waste should always be appraised by an 
expert. 

Burial under a suitable depth of soil (about one metre) provides 
economical protection from the external radiation of the accumulated 
deposit. 

A burial site should be under the control of the user with adequate 
means of excluding the public. 

A record should be kept of disposals into the ground. 

Incineration of wastes 

If solid wastes i^re incinerated to reduce the bulk to manageable 
proportions, certain precautions should be taken. 

The incineration of active wastes should only be carried out in 
equipment embodying those features of filtration and scrubbing as may 
be necessary for the levels of activity to be disposed of. 
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llesidual ashes should be prevented from becoming a dust hazard", 
for example by damping them with water, and should be properly dealt 
with as orc^inary active waste, . • 



I APPENDIX VI - 

1 ^ DERIVATION OK EQUATION (^2) 

1 ‘ ’ 

If the rale of exchange or "turnover" is proportional only to the 
amount of thd substance present at any time, then the process is random 
and any singlb parUcle may haVe a life-time varying from 0 to oc. The 
averajgo life-^ime (t) will be the sum of the existence times of all the 
particles divided by the initial number. Therefore, if Rq represents 
the initial number of tracer particles present, then 
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t dR 



t=0 



However .n = 

if the loss is by a first-order process 



and 

Substituting in (1) 



Integrating 



dR = - kRoe-kt dt 



0 0 



dt 



( 1 ) 



( 2 ) 



( 3 ) 
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, Therefore 



and because 



Therefore 



t = K 



(kt + 1) 






-.4 



k-= 0.693 /Tjb 



t = 



0.693/Tjb 



- 1.44 Tjb 
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( 5 ) 



(6) 



(7) 
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APPENDIX VU 

OESCKIPTION OF A TIIKEE-COMPAKT.ME.NT MODEL 

Consiclei’ the following open system as^represented in I-'ig.29. 

A model having one central compartment with peripheral compart- 
ments is generally, termed a mamillary system. If compartment I is 
given a single bolus of tracer and tlien all compartments sampled as a 
function of time, the specific activity-time 'relationship may look as 
shown in Fig. 30. 

The specific activity in all three compartments would eventually 
reach the same value, indicating that tlie tracer bolus has mixed in the 
whole systeni. The continued decrease in specific activity can now be 
described by a single exponential k. The value 0.693/k can then be 
termed the biological half-life of tlie.entire system. The curve a^ can, 
usually be resolved into a sum of exponentials (in the case of 3 compart- 
^ menls it would be a sum of 3 exponentials). Knowing, by dilution tlie 
total excliangeable mass of the sysfem,* Sj + S 2 + S 3 , the five rate 
constants shown in Fig.l can be estimated. The matliematics for such 
an exercise are beyond the scope of this discussion and the reader is 
referred to Refs 1 12] or ! 13] for solutions to sucli systems. 




rtc.29. A thrcc-comparUncnt open model (mamill.iry system). 

k I 2 ~ first-order rate constant describing exchange of tr.iccr or tracce from 
compartment 2 to compartment 1. etc. 




PIG. 30. Specific activity in compartments of a three -compartment open system wltli compartment 1 
initially labelled. 

a| = specific activity in compartment 1 
a, = specific a:tivity in compartment 2 
a, = specific activity in compartment 3 
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INTRODUCTION 



There can be little question that almost all laboratories engaged in 
anihnal reseax'ch will soon utilize radionuclide techniques just as they now 
use caloinmetry, spectrophotometry, chromatography, microscopy and 
other such procedures. This is due to the advantages of tlieir use and is 
possible because of the availability of many radionuclides and that adequate 
instrunientation is rather inexpensive.^N^^In addition, experimental techniques 
have become highly developed and ma'ny\'esearch personnel have become 
highly proficient in this area. Often the u^e of radionuclides can provide 
experimental data that would otherwise be unobtainable. However, the 
design of such experiments must be on a sound scientific basis and include 
statistical considerations as well as .those of r^iological safety. Before 
attempting such experimentation the researcher must be acquainted with 
the jirinciples of radionuclide methodology and obtai^n practice in special 
laboratory techniques and operation of counting instruments, 

m \ 

1. PRINCIPLES j 

The unique advantage of radionuclides is that their behavioui>in a 
system is usually biologically identical to that of the'ir counterpart and yet 
they can be ‘identified easily by their characteristic radiation. The criteria 
for an ideal tracer is that it is indistinguishable from the tracoe in 
biological behaviour and that its introduction docs not disturb the system. 
Radionuclides uniquely fit these criteria since their chemical behaviour is 
identical to the stable counterpart and a great number of them can be 
produced in high specific activity. Since radiation-can be detected witli 
very high sensitivity generally negligible mqss as well as activity need 
be administered to the system under study. 



2. BASIC LIMITATIONS . 

There are several basic limitations inherent in tracer methodology ' 
which must be always considered. At first glance the listing of these may 
appear formidable indeed. However, in practice, with proper experimental 
design and knowledge of these limitations, reliable experimental data may 
be obtained. 

2. 1. Chemical effects 

Most radionuclides are produced by methods which ensure a minimum of 
interfering chemicals. However, the investigator should be sure that the 
radionuclide preparation administered to the animal does not contain 
pyrogens, high concentrations of salts, high acidity or toxic- fn et als. . 

The amount of carrier or tracoe in a radionuclide preparation may be 
an important consideration. A classic example of the effect of mass on 
metabolic behaviour is the effect of stable iodide on the upt::ke of radio- 
iodine by the thyroid. If kinetic response is to be measured then the tracer 
dose must be of high specific activity. 
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2 ,2. Radiochemical purity 

It is very important in all tracer studios that the radionuclide solution 
does not contain other radionuclides than the one under study. Such ' ' 

exti'Emeous radioactivity may arise from impurities in the targ^ material 
or from the cliemical separation processes used: Gamma-ray spectromptry^ 

particularly using high -resolution detectors such as tlie semiconductor 
detectors, is an excellent method to clieck the primary solution for radio- 
active impurities. However, lialf-life of beta.-adsorption determiiiations 
must be considered for pure beta emitters. 

An important problem of chemical state arises when the carrier-free 
preparations are used, as the cliemical behaviour at the extremely low 
concentrations that exist in carrier-free preparations may differ from that 
at ordinary concentrations. For example, the addition of a precipitating 
agent may not cause a solubility product to be exceeded at carrier -free 
concentrations. Also, the loss of minute amounts of reaction with trace 
impurities and absorption on walls of vessels or on suspended particles of 
dust and silica may be a sizeablb fraction of the total at low concentrations, 
whereas, at the usual macroconcentrations these losses still occur but 
constitute a negligible fraction. In some solutions carrier-fr*ee tracers 
behave more like colloids tlian do solutes, Sucli particles of colloidal 
dimension containing radioactive atoms are called radiocolloids and these 
may behave ratlier differently in biological systems than do true solutes. 

Another difficulty may arise due to tlie decay of radioactive atoms in 
secondary radioactive atoms usually termed "daughters*'. Such parent- 
daughter relationships must always be considered when the radiation being 
measured originates from both the parent and the daughter. This is 
pa^cularly ti'ue of the naturally occurring radioactive material's which 
commonly have many radioactive daughters resulting from a long half-life 
parent. For example, 'see the decay scheme of^^^Ra, 



r 



2,3. Isotope effects ^ 

In most biological tracer work it is. generally assumed that all isotopes 
of an element beliave in an identical fasliion, With the heavy elements this 
is generally a satisfactory assumption and any differences are certainly 
within experimental error. However, for the light elements, particularly 
Hydrogen and carbon, it has been sJiown J:hat biological fractionation of 
isotopes is termed the "isotope effect". There is much data documenting 
this effect in plants but relatively little coticerning animals. Nevertheless, 
the investigator sliould be aware of such possibilities especially in processes 
dependent upon mass such as diffusion or reaction rates. 
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2,4, Radiation effects 

It is essential that the experimental results sliould not be affected by^ 
any radiation received by the biological material and therefore the minimum 
amount of radioactivity should be used. Thib* procedure also then minimizes 
the possibilities for personnel radiation exposure, for contamination of the 
laboratory and for problems with waste disposal. It is very important that 
the investigator carefully calculates the proper activity of radionuclide 
needed for each experiment. This will be based on factors such as the 
biological half-life.and the counting yield of the detection instrument. 



98 






A factor of importance concerning biological effects of radiation is 
that the radionuclide may be incorporate'd into a critical biological molecule 
such as DNA where the radiation dose effect may be increased. Also, 'there 
may be chemical bond breaks by the recoil atom after disintegj^atioiror 
effects of transmutation. For example, consider a biological molecule that 
contains tracer,. At the time of disintegration, the phosphorus atom 
in the molecule will be transformed into a sulphur atom and this may have 
an effect on the integrity or the function of the molecule.v In practice this 
is rarely a limiting* consideration -due to the fact that the sensitivity of the 
method is so high that very smalFamounts of radioactivity are necessary. 
One may usually determine wliether radi-ation effects are signi/icant by 
performing replicate experiments using graded levels of radioactivity. 

Another problem involving radiation effects is that of radiation 
decomposition. w It is known that many ^'^C-labelled organic compounds will 
undergo self-decomposition because of the radiation from the This 

means that labelled organic compounds. Especially those that are purchhsed 
commercially and may have been in storage for some time, should always 
be examineckchroniatographically before’use to make 6ure there are ho 
appreciable amounts of decomposition products present. Radiation' 
decomposition can be reduced by several methods such as dissolution ;n a 
protecting solvent, adsorption on a solid matrix in thin layer, conversion 
to a stable derivartive. and storage in the cold and in .vacuum, ‘‘ 

2. 5. Exchange reactions 

Isotopic exchange is a special case of exchange in which atoms in a 
given element interchange between two or, more chemical forms of the' 
element. In most metabolic studies, radiotracers are used to provide 
information on the processes involved in the biological synthesis of , 
important metabolic compounds. , If the radibnuclidc becomes incorporated 
in the metabolic product merely by exchange, which requires no energy 
production, then these experiments are of no value in that there is no 
evidence for synthesis of tlie product. Thus, it is necessary to carry out 
studies that can show .whether or not exchange has occurred, Tliis can 
be done by allowing th^ precursors and the'product to react under conditions 
where the biological or energy producing system is interfered witii;' For • 
example, animal tissues are known to convert inbrganic phosphate into 
phospholipid. This is probably not exchange process because 
experimental observations showed that (a) inorganic phosphate does not 
exchange’ with the phosphate radical or phospholipid’ when sodium phosphate 
is shakeh with a phospholipid solution, (b) homogenized liver failed to 
form radioactive pho.spholipid from inorganic and (c) respiratory 
inliibitors such as cyanide or carbon monoxide interfered with the formation 
of the taggdd phospholipid, ’ 

,It is also important to assure that there is no* loss by e^tchange of the 
label from the moTecula under study. For example, it would be of. no 
avail to laJ^Lthe carboxyl hydrogen of an organic acid with tritium because 
as soon as this labelled aeid were placed in the biological system the 
tritium would readily exchange with the hydrogen of the body water. On 
the other hand, a tritium label in an aldehyde group would be stable until 
the aldehyde was oxidized. 
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3. PRACTICE 



3, 1, Radionuclide prei5aration and delivery of doso 

9 " ' 

The investigator, should have as much information as possible on the 
characteristics of the radiorRiclide preparation, particularly in regard to 
chemical or radiochemical impurities that may be present. It is necessary 
that the solution be suitable for administration to the animal from the '’V , 

• r. • i , 

Standpoint of pH and freedom from particulate material. The investigator^ . ' 
should confirm the identity of the radionuclide and radiochemical purity* 
by determination of the half-life or energy spectrum. If dealing with a 
labelled organic material,- it may be advisable to make a chromatographic 
evaluation to be sure that there are no decomposition products present. 

In most studies it is necessary to administer tiie radionuclide to the 
animal quantitatively. If necessary, extensive practice should be under- , * 
taken with stable substanfces so that the investigator will be proficient before 
actually handling radioactive materieil. Standard methods can be us 9 d 
for oral, intravenous, subcutaneous, intramuscular and intraperitoneal 
injections. Inhalation doses are more difficult and require specialized 
procedures. It is usually necessary to prepare a standard solution. This 
should be done from' the original preparation in such a way that the amount 
administere’d to the animal can be exactly correlated with tlie amount used 
to make up tlie standard solution. For example, this might involve using 
the same syring^ or pipette for botli processes. 

3.2. Procedures witli animals 

It is always important that normal, healthy subjects should be used 
and should be so maintained during the study. Whenever possible the animal 
. should be preconditioned to the type of liandling and management that it is 
to receive during the experimental period. Needless to say, the scientist 
'has a moral obligation to practice the highest degree of humaneness with 
respect to experimental animals. Such endeavours automatically improve 
the reliability of the results obtained. 

After administration of radionuclides, the animal must be considered 
as a source of external radiation and of radioactive materials excreted and 
expired that can contaminate the surroundings. Provisions sliould be made 
for appropriate collection and disposition of radioactive excretions. 

Reference: GAY, W. I. (Editor), Methods of Animal Experimentation, 
Academic Press (1965). 

3.3. Handling of samples 

The proper collection of samples ii^ just as important as the reliability 
of subsequent analysis. It is important that the samples should be truly 
typical of the m^aterial that it represents. 

In studies where the entire sample is not used, it is essential that 
proper mixing be done and that appropriate aliquots be taken. For example, 
care must be taken to mix faeces well before sampling, because successive 
increments may differ widely in activity especially at short times after 
administr^ion of the radionuclide. The conventional grinding of dry 
material causes considerable difficulties with radionuclides because of 
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((i) I:Ui.*r!ro*platiiui is an oxcolleiil inothod foi' the pi*opai*ation oi' unifoian 
■nin I'ilnis oi' namy njctals. Many t> pe.s oi' clocti'olysis cells are avrnlable 
com more ially for this pui’pose; (e) Dry po\vclei*.s may Ijc pressed into 
shallow (lis)ies witli a sj)atula or may be fonneri into bricketlos witli a 
laboratory press and piston-cylinder a{)paralus, 

I'he follou'iim exercises describe specific pi’oeodures. 'Die so are 
lun nor.essaidly trie only metiiods or the best, but they have been found 
adcMpiate undei* ri\am eroiditions. It is iiojiod tiiat the iisoi* of this manual 
will hereby iinve in his hands simple tc'chniques to irt*o\'ide reliable data, 
and that in.* will be in a position to make such modifications as suit 
s j)»j ciitli /a‘d needs. 
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LABORATORY EXERCISES 



1. RAuiopHosi'‘HOiu;s disthibl'tkjx in TH1-: RAT AS DF/H :rmini:d 

BY TKCHMQUKS OF \VI:T- ASHING AND I.K.^LTD COL’NTING 
Objectivos 

(1) To illustr-aic* a convenient pr*ocedurt* lor measurement oi radioactivity 
in biological materials, 

(2) To dc.'monstrate a wet -ashing tecb.nique, a proce‘dure for counting liquids, 
and me^iods of expression of data, 

(3) To dete*rmine the distribution and turnovc.-r of m various tissues of 
the rat . 

Introduction and theory . • ' 

,\ great number of fundamental physiological and nutritional studies are 
based upon diRerm ination in various tissues or secretions of their' content 
of a previously administered radioactive substance. The interest generally 
is in using a radiotracer to determine the behaviour 9 f a ncjrmal body con- 
stituent. In this instance measurements are required of both the radionuclide 
and its stable counterpart in order to permit calculation of turnover rates. 

Or the interest may be in knowing the behtiviour of the administered radio- 
nuclide itself, as foj* example in estimating retentions of radioactive environ- - 
mental contaminants. 

After entering the body, radioactive substances which are chemically 
identical with normal body constituents will generally be metabolized in 
exactly the same ways as their non -rad inactive counterparts; botli will have 
the same uptake and distri/)uti on , Thus, if equilibration has taken place, 
the amount of a radionuclide an a tissue will be related to the amount of stable 
element normally present. * For example, a tissue which normally contains 
little phosphorus w^ould be expected to take lip relatively little radiophosphorus. 
7‘his behaviour is quantitated by calculations and comparisons in terms of 
specific activities, which are expressed as amounts of radioactivity per 
amount of stable element. The behaviour of foreign substances may some- 
times be r'elated to that of chemical cogeners, e.g. strontiuna- calcium . 
However, the use of any such relationship should be based on experimental 
evidence as to the degree of interdependence that actually occurs. 

The metabolic behaviour of substances in a biological system is typic- 
ally studied by use of radiotracers according to the following scheme: 

(1) The animal is acclimated to thc‘ experimental conditions. 

(2) A known amount of the radiotracer is administered. 

(3) Samples are collected after equilibration has been attained, or, for 
kinetic studies, after given time periods. These samples can be 
accessible materials such a.s blood, exhaled gases, milk, faeces 

pr urine, which can be collected periodically, or they can be samples 
of flfcsues which require sacrificing the animal., 

(4) The Samples are converted into a physical state (usually identical 

and homogeneous) suitable for quantitative measurements of radio- 
activity. The treatment required depends in part upon the radiation 
characteristics of the nuclide.. . ’ 
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(5) The radioactivity in each sample is measured, and if required,* the 
stable nuclide i’s determined. 

(6) The data are calfulated to some standard base for purposes of com- 
parison. ‘This usually requires a standard calibration curVe made 
from the radioactive preparation used for administration to the ani- 
mal. Radioactivity is often expressed as "ped cent of adn)inistered 
radioactive dosage per unit weight of tissue”. Specific activity is 
often expressed as "per cent of radioactive dosage administered per 

' unit weight of element”. If it is known that the radionuclide is dis- 
tributed through the animal in pcoporlion to the body weight then the 
data can be normalized to a given body weight for comparison among 
animals. 

Thus, almost every study of letabolism u.sing radioactive tracers 
requires the accurate measurement of the amount of a radioactive material 
in a biological sample. In addition, it is usually necessary to measure the 
concentration of the stable element in order to calculate the turnovisr rate. 
One advantage of the use of radiotracers is the simplicity and convenience 
of the procedi^res. For radionuclides that emit gamma rays or beta particles 
of at least moderate energies, the production of a homogeneous and uniform 
sample suitable for radioassay can readily be acco“mplished by a wet-ashing 
procedure. If the sample can be measured directly in liquid state, then the 
overa"1^ procedure becomes one of considerable convenience. 

• Wet- ashing can be done by simple digestion in concentrated nitric acid. 
The resulting solution is then diluted to a given volume from which an ali- 
quot is taken for the actual measurement. If the sample contains a large 
amount of fat, this can be extracted with iso -pentane alcohol which can be 
counted separately. The radioactivity values for each phase are added to 
give the total for the sample. 

Materials 

(1) .Standard tray: 

(a) Porcelain tray (1). ' 

(b) 600-ml beaker marked W.*\.STE (1). 

(c) 100-ml beaker marked DIST. H20(l). 

(d) 1-oz bottle of acetone. 

(o') Box of absorbent tissues (1). 

(f ) Wax-coated dry-waste container (1). 

(g) Plastic squeeze bottle containing distilled H 2 O (1 ). 

(h) Wax, marking pencil (1). 

(i ) Vacuum hose or other suitable arrangement for drying pipettes. 

(2) Phosphate ^^P solution suitable for injection at pH ^6 (approx. 

0 . 1 mCi/ rat ). 

(3 ) G-M counter . 

(4) Portable G-M survey meter. 

(5) Mature rats (200-400g). 

(6) Hot plate or Bunsen burner. 

/ (7) Balance (accurate to 1 mg).* 

(8) Rat scale. 

(9) Cages. 

(10) Ether chamber. 

(11) Concentrated nitric acid. 
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(12) 100-ml beakers (5). 

(13) 500-ml volumetric flasks (2). 

(14) 100-ml volumetric^lasks (4). 

(15) 100-mi measuring cylinder . 

(16) 50-mI measuring cylinder. 

(17) 25-ml measuring cylinder . 

(18) 10-ml volumetric pipettes (2). 

(19) 5-ml volumetric pipettes (3J. 

(20) 2-mi volumetric pipette. 

(21) 1-ml volumetric pipette. 

(221 1-ml tuberculin syringfc with 24-gauge 1.25-cm needle. 

(23) ’ Counting dishes (small Petri dishes will suffice). 

(24) Planchets. 

(25) :5urgical scissors. 

(26) Rat-tooth forceps. 

(27) Infra-red heat lamp. 

(28) Pipette control. 

. Procedure 

(1) From the original radionuclide shipment prepare a dosing solution 

containing about 200 pCi (solution A). 

(2) Inject 0.5 ml of the dosing solution (solution .A) intra-muscularly 
into the left hind leg of the rat. Leave the animal in a cage for about 
1 h. 

(3) Prepare dilutions of solution A for the calibration curve as follows: 

(a) Dilute 2 ml of solution A to 500 ml to give solution B. 

(b) Dilute 30 ml, of solution B to 500 ml to give solution C. Note: Be 
sure that all dilutions are slightly acid to avoid loss of by 
adsorption on the glass of vessel walls. 

(c) Prepare the series of actual calibration solutions as follows: 



- Solution 

» C . , 

C/1.5 
CfS 

, C/10 

C/20 

(4) Calibrate the G^M counter by counting 5-ml aliquots of each of the 
dilutions prepared in step 3(c) using the Petri dishes provided. 

(5) At about 1 h after injection, kill the rat by placing in an ether 
chamber and then weigh the body. 

(6) Remove small samples (0.5-1 g) of each of the following tissues: 
brain, liver, kidney, right femur, and gastrocnemius muscle. 
Avoid contamination of the tissue samples with radioactivity from 
the site of injection. 



Method of preparation 

r 

from step b 

50 ml of solution C plus 25 ml H 2 O 
20 ml of solution C plus 80 ml H 2 O 
10 ml of solution C plus 90 ml H 2 O 
5 ml of solution C plus 95 ml H 2 O 
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(7) Weigh each sample to the nearest milligram, place in a beaker, 
cover with concentrated nitric acid, apd heat gently until’the tissue 
is dissolved, 

(8) Transfer quantitatively to a measuring cylinder-, make up to 25 ml 
with water, mix, and pipette 5 ml into, a sample dish fon counting. 

(9) Count the samples in exactly the same way that the calibration solu- 
tions were measured in step 4. 

(10) Evaporate 1 m\ of solution C to dryness in a counting planchet and 
count, 

^ e 

Calculations and reporting of results 

(1) Record the following information in regard to the original pre- 
paration: 

(a) Amount of radioactivity; , 

(b) Assay date and time; 

(c) Volume; 

(d) Specific activity; 

(e) Dilution factor used for preparation of solution A, 

(2) Calculate microcuries,^administered to rat. 

(3) Calculate mass of phosphorus administered to rat. 

(4) (a) Record data on calibration curve as follows: 



Solution cmp (net) 



pCi/ ml *To of dose/5 ml 



C 

C/1.5 
• C/5 
C/10 
C/20 



(b) Construct calibration curve on linear graph paper by plotting 
% of dose per, 5 ml versus counts per minute. 

(c) Calculate a factor to convert observed counts per minute in 
5 ml of solution to percentage of administered dose. 

(d) Compare the relative sensitivities of dry versus liquid counting. 

(5) Complete Table VII to give results in terms of normaiiz^ tissue • 

concentrations of ^2p ^nd normalized specific activitid^ ^ 

Notes on calculations for Table VII: 

(a) Values for column C (7o of dose in 5-ml aliquot) can be derived 
directly from calibration or by use of factor computed in para. 4(c). 

(b) Values for column D (% of dose in sample) are obtained by multi- 
plication of column C value by the factor 



volume of total sample 
volume of counting aliquot * 



(c) Values for column E = 



value for column D 
value for column A ' 
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(d) Value for column F = 



Value for column E X 



weight to which normalized (300 g)* 



weight of rat used 



(e) Values for column G (milligram P per gram of fresh tissues) 



represent typical data from literature; 



. (f ) Values for 




Questions 



(1) Explain on a physiological basis why the amount of per unit 
weight of bone is relatively high and yet the specific activity is lov. 

(2) In this procedure, why is it usually not necessary to correct for 
coincidence losses or self-absorption? Under what conditions might 
it be necessary to do so? ^Why were you asked to establish a* curve ^ 
rather than just a single point from which the conversion factor could 
be calculated? 

(3) Give an example of a study in which it would not be appropriate to 
normalize* for body weights, 

(4) List three radionuclides which coultj not be counted effectively by 
the method described in this exercise. Why? 



CHROMIUM-51-TAGGED ERYTHROCYTES • 

Objectives , •• ^ 

3 illustrate a direct'tracer dilution procedure. 

D estimate erythrocyte volume and total blood volume of a 



Intrc >n and theory 

The earliest method for determination of the blood voluqie of an animal 
was proposed in 1854; it consisted of complete exsanguination and measure- 
ment of tho blood collected. Since that time dilution techniques have been 
developed. In principle these consist of the following steps: (a) The ad- 
ministration of a '*test-substance” or **tag*' which is distributed, through the 
volume to be measured: (b) The allowing of time for the administered 
substance to be uniformly distributed through this volume; and (c) The 
withdrawal of a small sample for the measurement of the concentration of 
the test substance. The amount of dilution which has occurred can then b« 
used to calculate the total volume by which the test-substance was diluted. 
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Some of the earlier work was done using dyes, haemoglobin, carbon 
monoxide and other substances as tags or test substances. The availability 
of radionuclides provided tags with desirable characteristics such as ease 
of measurement, possibility of repeated measurements at relatively short 
time intervals, and’ uniform distribution through the volulne to be measured. 

For many years was widely used to tag red cells in order to deter- 
mine erythrocj'te volume. However, this technique has certain disadvantages 
such as the need to wash the cells after labelling which is time-consuming. 
Also, there is a fairly rapid loss of from the blood pool for which 
corrections must' be made. As a matter of fact, the biological half-life of 
injected ^^P-labelled cells is estimated at 12-39 h. In addition, ^ 

beta emitter and its radioassay is slightly 'more difficult than that for a 
gamma-ray emitter. ' 

Radioactive iron (^^Fe) was used as early as 1940 and it has been shown 
that the tag remains with the erythrocytes during their entire life-span. 
However, iron released from breakdown of the red blood cells is available 
for further use in erythropoi^^sis. 

In 1950, it was shown thSit radioactive chromium in the form of Na 2 ^tr 04 
could be used to tag red blood cells, and this method has now become 
perhaps the most widely used for the determination of red blood cell volume 
and total blood volumes. Since ^^Cr is a gamma-ray emitter (0. 32 AJeV) it 
is easily counted in a well-ty-pe scintillation counter. Chromium-51 decays 
by electron capture. It can only be detected by il 3 gamma ray which is 
emitted in only 9 % of the disintegrations. The binding of the ^^Cr to the red 
cells is very stable; the ^^Cr is eluted from the red cells in the body with 
i half-life of around 80 d so that a much smaller correction factor for loss 
is necessary than with ^^P. In addition, the chromium released from the 
red cell on breakdown is not available for further use in er\nhropoiesis, 
and it is not necessary to wash the red blood cells after labelling since the 
chromium can be reduced chemically, in which case no further binding 
takes place. 

The procedure, in general, consists of incubating a volume of the 
subject*s blood in vitro with a suitable amount of radiochromium as the 
hexavalent chromate ion. At the end of the Incubation period, ascorbic 
acid is added which reduces any unbound hexavalent chromium to the 
trivalent form thus rendering it unavailable for further binding. 

A known volume is then injected into the animal and the activity of the in- 
jected suspension is measured in a well-t>*pe scintillation counter. At 
specified time intervals, a sample of the subject »s blood is withdrawn and 
the activity determined. 

• The following symbols are used in calculations involving erythrocyte 
volume, plasma volume and blood volume;-"' 



^comp " total volume of the compartment (red blood cells (V^) or 
plasma (Vp); 

Vj = volume of injected tag (red blood cells or plasma); 

Cj = concentration (cpm/ml) of injected tag; 

Cj = concentration (cpm/ml) of recovered tag; 

= total blood volume; 

Vp = plasma volume; 

Vc = red blood cell volume; 
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Vb(p) = blood volume calculated from plasma volume; 

^b(c) “ blood* volume calculated from red blood cell volume; 

Hy = venous haematoCrit (% cells); 



= mean body haematocrit = ^ ; 

, * p V Q 

= F-cells factor: 

^c(p) “ blood cell volume calculated from plasma volume; 

Vp(c) ' plasma volume calculated from red blood cell volume. 



From the general tracer dilution equation for a closed compartment 
system: 



V 

comp 



= Vi 



LC, 



- 1 



( 1 ) 



Mrompis much greater than , as in the study, then Eq.(l) becomes 



V = V X — 
• comp h ^ 



•(2) 



Equation (2) Is used for calculating the erythrocyte volume. Plasma 
volume Is determined in a similar manner with suitable corrections for 
removal of the trivalent chromium from the plasma. 

After determining the plasma and erythrocyte volumes, the total blood 
volume may be determined by adding the two: 



P c 



(3) 



When only the plasma volume or the red blood cell volume has been 
determined, the total blood volume may bo calculated from either by 
employing the venous haematocrit value (% cells). Thus 



and 






'b(c) 




X 100 



(3) 



However, it has been shown that the venous haematocrit overestimates 
the mean body haematocrit. Therefore, plasma-haematocrit determinations 
of blood volume (V^b(p) ) overestimate the true blood volume while the cell- 
haematocrit ( Vb(c) )nnethod underestimates the value. To compensate for 
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th^se factors a factor (F^) has been introduced which is defined as the ratio 
of mean body haematocrit to venous haematocrit: 




( 6 ) 



Provided that the value for FJ. is constant, Eqs (4) and (5) may be 
changed to: 



(b) If Vj. is determined: 



Materials and equipment , 

(1) Standard tray (see Exercise 1) . 

(2) 5iCr as the hexavalent chromate. 

(3) Well-type scintillation counter. 

(4) Sheep in metabolism stalls. 

(5) Centrifuge with head for 15-ml centrifuge tubes. 

(6) Microcapillary centrifuge. 

(7) Microcapillary haematocrit reader. 

(8) Heparin solution (1000 I. U. /ml) . 

(9) Citrate buffer (acetate-citrate-dextrose). 

(10) Ascorbic acid (crystalline) pre-weighed to 1 20-mg samples. 

(11) Saponin solution 0. 1 g/litre. 

(12) Na-chromate solution (0. 1%). 

(13) 20-ml syringes with 16- to 18-gauge needles (2). 

(14) 10-ml syringes with 16- to 18-gauge needles (5). 

(15) 2-ttH syringe with a 20-gauge needle (1). 

, (16) 1 25-ml Erlenmeyer flasks (2). 

(17) 100-ml volumetric flasks (2). 

(18) 50-ml certtrifuge tubes (4). 



\p) " 100 - (H^Fc ) 



_ Vp X 100 



( 7 ) 




(P) 



when only the plasma volume or the cell volume is determined 
experjmentally, the following formulae can be used to calculate the other: 

(a) If;Vp is determined: 





( 9 ) 
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(19) 15-nil c;entrifuge tubes (.4). 

(20.) 10-nil calibrated pipette, 

(21) 5-ml volumetric pipettes (4). 

(22) 2-ml volumetric pipettes (4). , • 

(23) 1 -m> volumetric pipettes (2). 

(24) 0.5-ml Ostwald-Folin pipettes (10). 

(25) Counting tubes (16). 

(26) Capillary tubing. 

(27) Bunsen burner. 

(28) Pro-pipette. 

Procedure 
A. Tagging 

(1) Withdraw approximately 20 ml of blood from the jugular" vein of 
the animal with a heparin-wetted syringe and transfer to a 125-r.il 
flask. 

Note: if desired, the animals can be prepared by insertion of 
indwelling polyethylene cannulae in both jugular veins. In this 
instance one cannula can be used for withdrawal of blood and the 
other for injection. If dogs ztjre used, the femoral vein is preferred; 
if rabbits are used, the ear vein. 

(2) Add 8 ml of the citrate buffer solution to the sample of blood. 

(3) Add an amount of the hexavalent ^^Cr solution containing approximate 
ly lOfl^Ci; record the time; swirl the su sion frequently and 
gently during the next 20 min. 



(4) .^t the end of 20 min, add 120 mg of crystalline ascorbic acid and 
* swirl the suspension for another 2 min. 

(5) Determine, in triplicate, the haematocrit (H^) of the erythrocytes 
in the suspension by the capillary-tube centrifugation method. 

B. Injection and sampling 

(1) Inject intravenously and quantitatively into the animal between 18 and 
22 ml of the tagged suspension noting exactly the volume adminis- 
tered. 

(2) Withdraw 10-ml blood samples from a vein (other than the one in 
which the suspension was injected) 5, 10, and 20 min after 
injection. 

C. Preparation of standards and samples for counting 

Standards 

*(1) Deliver 0.5 ml of the suspension into the saponin solution. Add 1 ml 
of a sodium chromate solution. Swirl gently and fill with water to 
the 100-ml mark. Make duplicate dilutions and c'ount three 1-ml 
samples from each 100 ml. 

(2) Place 5 ml of the suspension in a l5-ml centrifuge tube rrj r'pin into 
a 50-ml volumetric flask half filled with water. Add 2 auuiuni 

chromate solution and. fill to the 50-ml mark. Count three 1-ml 
samples. ■ ' 
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Samples ’ . ^ 

(k) Determine the haematocrit ^Hy) of erythrocytes in all samples in 
triplicate. 

(’£,) Place 0, 5 ml of blood in 2 ml of distilled water in counting tubes in 
duplicate. " r 

(3) Collect the plasma from 5 ml of blood and place 0, 5 ml in 2 ml of 
water for counting in duplicate. 

Calculations and reporting of results ' ^ 

(l) Determine the net counts per minute per ml in the volume of sus- 
pension injected which are due to the erythrocytes paesenl. 

(a) Volume of red blood cells reinjected. 

(b) Counts per minute per ml in red blood cells l einjected.- 

(2) Dctermijie the concentration (cpm per ml of erythrocytes) in the 
^ . san1])les taken and calculate the erythrocyte volume ( Vp) using Eq. (2). 

Time cpm/ml red blood ce lls erythrocyte volume 

(min) “ “ 

5 * ' 

20 , 



(3) . Determine the concentration (cpm/ml) in the volume of plasma 

reinjected. ' . f , 

(4) Determine the concentration of plasma samples taken over the 
20-min period and plot against time as the abscissa on semi-log 
paper. 

Time cpm/ml plasma 

(min) 

5 ■ ' . 

10 ... 

• 20 V. ■ 

(5) Fix the best straight line by eye or method oT least squares and 
extrapolate to zero time. Wh^t is the concentration at zero time? 

(6) By using the concentration at zero time as (C,), calculate the plasma 

, ' volume (Vp) according to Eq.(2). What is the. plasma volume? 

(7) Determine the total blood volume (V^ + W ) using V at zero tim^and 
Vj. at 29 min. What is the total blood vomme? 

(8) Determine the F-cells factor. What is 

(a) Hy at 20 min, 

(b) . 

(c) Fe? . ^ 

Questions • * 

(1) Why is it not necessary to wash the cells after incubating with siCr, . 
whereas it is necessary to wash them when^^P is used? 

- .13 
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(2) Why'doeis the venous h.iemalocrit overestimate the mean body 
haemalocrit? 

(3) Why must one eSctrapolaie to zero time to determine the diluted 
concentration of in- plasma? 

(4) How would you' determine the major routes of elimination of ^^Cr 
from the body? • 

(5) How should you monitor th? laboratory for ^^Cr contamination? 
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3. MEA.StFREMENT OF CAST lO-INTE.STINAL BLOOD LOSS USING 
CHROMIUM-51 -TAGGED ERYTHROCYTES 

Objectives 

(1) To illustrate the use of ^^Tr-labelled red cells for the measurement 
of blood loss into the gut. 

(2) To compare the gastro-intcstinal blood loss in a normal sheep with 
that in a parasitized sheep. 

Introduction and theory 



The labelling of red blood cells with ^^Cr is described in Exercise 2. 

.A particularly useful property of erythroc>'tes tagged in this way is that, 
should blood loss occur into the gut, only a negligible proportion of the .*adio- 
nuclide is reabsorbed. This has been demonstrated in many species by the 
quantitative recovery in the faeces of do.ses of ^^Cr administered orally as - 
^^Cr-labelled cells. By comparing the total radioactivity of a complete 24-h 
collection of faeces with that of a blood sample taken at the beginning of tne 
collection period, it is possible to estimate the amount of blood which has 
been lost from the circulation into the gut during that time. The method has 
been used to measure blood loss into the alimentary tract from bleeding 
ulcers and the blood loss into the gut brought about by certain parasitic worms 
in man and in animals. 

The in-vivo stability of ^krr-labelled red cells is not the same for all 
species, and in sheep and cattle particularly there is a substantial loss of 
radionuclide from the red cells by elution over the first 24 h after injection. 
After the rapid elution phase there is a slower exponential loss of radionuclide 
from the circulation, but the slope of this disappearance curve is still much 
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steeper than in othcM* species. The someuiiat abnormal behaviour of ^‘^Cr- 
lagged erythrocytes in slice p and cattle does not invalidate their use in the 
measurement of gast ro- intestinal blood loss in that the radionuclide lost intra- 
vascular ly is largely excreted in the urine. It is advisable, howt-ver, to make 
no measurements during the phase of rapid elution, i.e. for the first h 
after injection. • 

Materials 

(1) ^^Cr as hexavale*nt chromate. 

(2) Well-type scintillation counter, preferably to take samples of at 
least 5 ml. I 



(3) Sheep: one n^-rnal (parasite-free), one (fxpcrimenlally infected with 
Fasciola hepatica at least eight wcto.ks previously or one f.-xperiinent- 
ally infected with H aemoiichus contortus at least h)ur \v(M,*ks pr'e*vi- 
ously. Field cases of either parasitic infection may be used. The 
infected animals, from whatever source, should b(f "showing some 
degree of aijaemia. Male animals are preferred because by the use 
of a faecal bag and a metabolism stall com j;) let e collections of urine 
and faeces can be made without any fear of cros.s-contaminat i< >n . 

(4) Metabolism stalls for sheep. 

(5) .Animal clippers. 

(6) Items for jugular contamination as described in lixercise 8. 

(7) Microhaematocrit equipment as in Fxercise 2. 

(8) I..aboratory centrifuge with buckets for 50- ml cr;n^vi!■uge tiibi s. 

(D) Teat pipettes . 

Procedure 

A. Tagging ^ 

(1) Withdraw approximately 20 ml of blood from the jugular vein of the 
animal with a heparin- wetted syringe and transfer to a heparinized 
50 -ml centrifuge tube . f 

(2) Add an amount of hexavalent ^^Cr solution containing approximately 
1 mCi and mix gently for 30 min. 

(3) Cc^ntrifuge the sample and with a teat pipette drawoff the supernat- 
ant and discard into container for radioactive liquid waste. 

(4) Wash the labelled cells three times by filling up the tube with saline, 
mixing thoroughly, centrifuging and discarding the supinaiatant . 
Finally, make up tlie cell suspension with saline to approximately* 
the original volume of blood. The labelled cells are washed in this 
exercise as it is important that the plasma should not contain radio- 
nuclides. 

B. Injection and sampling 

(1) The sheep should be given 2-3 day's to become accustomed to the 
metabolism stalls and faecal bags before the experiment is started. 

(2) Using the jugular catheteriza^on technique dt^scribed in I'xercisc 8, 
inject each animal <vith the total labelled erydhrocytic suspension 
prepared from its oum blood. 
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(3) 48 h after the injection, collect from the opposite jugular vein a 5-ml 
heparinized blood sample. Start the collection of urine and faeces. 

(4) Each day at the same time remove a blood sample as above as well 
as .the urine and faeces collected over the 24-h period. Continue 
this daily blood sampling and urine and faeces collection for a period 

,r of 10-14 days. 



C. Preparation and counting of samples 

(1) Pipette duplicate 1,0-ml lots of each blood sample into counting tubes 
and make up to the standard volume for counting (say, 5 ml) with 
approximately O.OIN NaOH. Larger volumes'^of blood may be used 
for counting later in the experiment when the concentration of 
particularly in the blood of the infected animal may be mucli reduced. 

(2) On each iblood sample carry out haematocrit determinations in trip- 
licate . ^ 

(3) Weigh the total collection of faeces for each 24-h period, spread the 
pellets on a large sheet of pape;r, mix thoroughly and collect at 
random in counting tubes triplicate ‘5 -g samples. With a glass rod 
pack these do\^^l to the appropriate volume for counting, e. g. 5 ml. 

(4) With a graduated cylinder measure the volume of each urine collec- 
tion and pipette out in duplicate suitable aliquots for counting. 

(5) Using the well-type counter determine the net counts per minute of 
all the blood, uv ne and faeces samples. It is preferable that these 
should be done all together at the end 6i tlie experiment, but should 
it be necessary to measure the cpunt-rates of samples from day to 
day as the experiment proceeds, they must all be corrected for decay 
and possible day-to-day variation in the sensitivity of the counting 
equipment by repeated measurements on one of the samples which is 
then treated as a standard. 



Calculations and reporting of results , 

(1) From the cpm/ml for each blood sample and its haematocrit cal- 
culate the cpm/ml red blood cells. 

(2) Plot cpm/ml red cells against time in days as abscissa on semi-log 
paper and fit the best straight line by eye or the method of least 

' squares. Note the difference in slope of the lines obtained from the 
normal and the' parasitized animals. 

(3) For each 24-h period calculate a ‘’faecal red-cell clearance” by 
dividing the total counts per minute of the 24-h collection of faeces 
by the cpm/ml red cells for the blood sample taken at the' beginning 
of that period. This clearance represents the volume of red cells 
that would have to be^lost into the gut each day to account for the 
^^Cr acj^ivity of the faeces. Calculate. the mean clearance figures 
for each animal over the period of the experiment and compare them. 

(4) Calculate similarly clearance figures for the urine. These represent 
the volumes of red cells from which radionuclides are liber*ated each 
day within the body either by cell destruction or elution of radio- 
nuclides. 
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Questions 



(1^ What light do the above results throw on the aetiology of the anaemia 
in fascioliasis or haemonchosis? 

('2) \\Tiat inferences can be drawn about the nutrition of the parasites 
concerned? . 

(3) Why. is it probably more accurate to express the loss into the gut in 
terms of red cells rather than whole blood? 

L- 
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4. GASTRIC EXCRETION AND ABSORPTION OF MACROMOLECULES 
Objectives 

Jl) To. demonstrate an in-vivo technique for monitoring gastro- intestinal 
absorption and excretion. 

(2) To observe the gastric excretion by the cat or dog of an injected 
foreign substance . 

{ 

Introduction and theory ' 

Fbr pharmacological purposes it is often essential to kiiow the biological 
fate of specific foreign substances. The sites of concentration, turnover 
rates, degree of degradation, and routes of removal* may profoundly influence 
the usefulness of a given drug. For example, sulphasoxazole is the sulpha 
drug of choice for urinary infections because, after injection, it is rapidly 
excreted via the kidneys and hence high concentrations of the drug can be 
attained in the urinary tract. Neomycin is an excellent antibioticfor intestinal 
infections because it is not absorbed from the intestinal tract and hence high 
concentrations in the gut are possible after oral administration of the drug. 

On the other hand, some drugs that have a definite therapeutic value may 
be contra-indicated because of deleterious side effects on the body as a^whole 
or by action at certain sites. For example, sulphamethazine is a very ^od ^ 
drug for intestinal infections but must be used with caution because of its 
tendency to precipitate in the nephron causing kidney stones. Polyvinylpyr- 
rolidone* (PVP) is an excellent blood -volume expahder but is extremely dan- 
gerous because of its carcinogenic properties. 

Thus, extensive studies must be made on any. therapeutic or prophylactic 
preparation before it can be recommended for general use. Very often radio- 
tracer techniques can be used to reduce the time and effort required t6 obtain 
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tlie necessary information. In the present exercise the excretion into’tlie 
diget^tive tract will be studied of either ^’^C-labelled dextran or labelled 

polyvinylpyrrolidone; both these macromolecular substances are used as 
blood-volume expanders. 

The technique involves placing cannulae in each end of the stomach and 
collecting the stomach fluids at specified time intervals by flushing the stomach 
with a known amount of physiological saline solution and collecting the effluent. 
The volume of the gastric juice can be determined by difference, and the- 
amount of radionuclide in the fluid calculated by measurement of the radio- 
activity in an aliquot using an appropriate detector. 

Modifications of this procedure are widely used in studies of gastro- 
intestinal absorption and secretion. In some instances wheo gamma-ray 
emitters are used the tagged element or compound is injected into a ligated 
intestinal segmdnt and the amount remaining in the segment after a given 
time period is determined by merely removing the segment, placing it in a 
counting tube, counting, and comparing with a duplicate dose standard. Uni- 
directional fluxes can be calculated if the specific activity of the tagged sub- 
stance in the gut is determined at the beginning and end of the time period. 

A more precise method of determining unidirectional fluxes is to perfuse a 
.sectibn of the intestinal tract at a known rate of flow with an automatic syringe 
filled with a solution of the test substance, collect the effluent, and calculaie 
the fluxes from the amount of activity absorbed and the changes in concentra- 
tion and specific activity that occur. 



Materials 



( 1 ) 

( 2 ) 

( 3 ) 

( 4 ) 



( 5 ) 

(6) 

( 7 ) 

( 8 ) 
{^) 

( 10 ) 

( 11 ) 

( 12 ) 

( 13 ) 

(14) 



*^h-labelled polyvinylpyr- 



10.0 g 
0.50 g 

100.0 g 
1000 ml 



Dogs or cats. 

labelled dextran (50 /n_C*i/ animal) or 
rolidone^ (PVP) (30 pCi/animal). 

Liquid scintillation counter or well-type scintillation counter. 
.Scintillation solution 

(a) PPO (2-5 diphehyloxazole) 

(b) POPOP (l-4-bis-2-5-phenyloxazolyl)benzene 

(c) Naphthalene 

(d) Dioxane and Cellosolve'^ (l^l)t make up to 
Na-pentobarbital (65 mg/ ml). 

0 . 9% NaCl solution (sterile). 

30- to 50-ml syringe with a 16- to 18-gauge 2.5-cm needle. 
10-ml syringes with new 20-gauge 2.5-cm needles (2). 

5-ml syringe with new 20-gauge 2.5-cm needle. 
100-ml-measuring cylinder. • 

100-ml beakers (12). 

Polyethylene cannulae (one to fit a 16- to 18-gauge needle). 
Liquid scintillation counting vials or counting tubes (15). 
General surgery kit including: * 



(a) Scalpel 

(b) Surgical scissors 

(c) Haemostats (6) 

(d) Allis forceps 



(e) Thumb forceps 

(f ) Needle holder 

(g) Half-round needle 

(h) Suture material (cotton thread). 



* Abbott Laboratories. Oak Ridge. Tenn.. USA. 
’ Ethylene glycol mono-ethyl ether. 
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(15) Endotracheal tube. 

(16) Operating table or board and ropes. 
fl7) Animal clippers or razor. 

'It)) Absorbent tissues. 



Procedure 



^1) Fast the experimental animal (dog or cat) for 12 or 24 h previous to 
the experiment. 

(2) Anaesthetize the animal by the intravenous or intraperitoneal injec- 

tion of Na-pentobarbital, administering about 1 ml per 2 kg body 
weight. ' 

(3) If available, insert an endotracheal tube into the animal. 

(4) Shave. the abdomen with the clippers or a razor, and wash it with 
soap and water . 

(5) Secure the animal on its back to an operating board or table. 

(6) Jncise the abdomen and present the stomach. into the incision. 

(7) Tie off the pylorus and insert a polyethylene cannula. 

(8) Insert another cannula into the stomach at the cardia. This cannula 

should be of a diameter such that a 16-, to 18 -gauge needle will fit 
snugly into it. ) 

(9) Replace the stomach as completely a^'possible into the peritoneal 
cavity with the cannulae extending fr^om the incision. ‘ Cover the 
incision with saline-soaked absorbent tissues. 

(10) Flush the stomach with saline to ensure a free flow of fluid through 
the organ.' 

(11) Slowly inject by the intravenous route about 50 pCi of the sterile 

^"*C-labelled dextran or 2p-30pCi of labelled polyvinylpyrroli- 

done and note the time. 

(12) At the end of 20 min flush the stomach from the cardiac end with 
30-50 rnl of isotonic saline solution and collect the effluent from the 
cannula in the pylorus. Empty the stomach as completely as possible* 
and record the volume recovered. 

(IS^ — Repeat this procedure every 20 min for 4 h. 

(14) If ^"*C-dextran has been used pipette 3 ml of each flushing solution 

into a scintillation vial, add 15 ml of scintillation fluid and determine 
the content at the optimum high voltage setting in a liquid scintil- 
lation counter. If ^^^I-labelled polyvinylpyrrolidone has been used, 
pipette 2 ml of each flushing solution into a counting tube and deter- 
mine the radioactivity present in a well-type scintillation counter. 



Calculations and reporting of results 

(1) Plot the count rate per ml of gastric juice versus time as the abs- 
cissa. If it is impossible to determine the volume of gastric juice, 
plot the count rate per ml of flushing fluid versus time. 

(2) Calculate the % dose secreted into the stomach during the course of 

the experiment. ^ 



Questions 



(1) Is the radioactivity found in the stomach contents necessarily due to 
the presence of the macromolecule? 

(2) If not, how can it be shown to be due to the molecule? 

(3) How would you design an experiment to study the biological fate of 
chlortetracycline (aureomycin)? 
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5. METABOLIC DISSOCIATION OF SHORT-LIVED BARIUM-137m FROM ' 
ITS CAESIUM- 137 PARENT 

Objectives 



(1) To illustrate parent-daughter equilibrium relationships. 

(2) To demonstrate the determination of the half-life of a short-lived 
radionuclide, 

(3) To demonstrate the metabolic dissociation of barium from caesium 

in the animal body. ' 

Introduction and theory 

Caesium- 137 has the decay scheme shown in Fig. 31. 

In the animal body ^®*^Cs has .a metabolic behaviour similar to that of 
potassium and accumulates primarily in soft tissues. 137m ga, however, 
behaves more like the other alkaline earths^ calcium and strontium, and 
therefore becomes deposited primarily in bone. Thus, if an equilibrium 
mixture of i37Qg^ I37mgj^ introduced into the circulating fluids, thefe would 
be a preferential accumulation of caesium in soft tissues, whereas there 
would be a preferential deposition of the i37mBa other tisSqes such as bone. 
This behaviour jias been called metabolic dissociation. The movement of both 
caesium and its barium daughter into and out of a tissue stops when the blood 
supply to the tissue is interrupted. Following the interruption of the blood 
•supply there would be a tendency for the radionuclides to attain the equilib- 
rium mixture*. That is, in tissues having an excess of caesium there would 
be growth of I37mgg^ until the equilibrium level was attained. 

On the other hand, in tissues having an excess of there would be a 

decay of the excess short-lived barium until the equilibrium was attained. 
From the growth or the disappearance of the ^37mg^ possible to cal- 
culate its half-life. Because of the short half-life^ of ^37mBa it is necessary 
that accurate time records be kept during the ^experiment. 
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The metabolic dissociation of from the parent usually 

not observed experimentally because tissues are frequently not measured 
within minutes after removal from the organism; this delay permits the re- 
establishment of equilibrium conditions in the tissue samples (the rate of 
establishment of equilibrium is governed by the half-life of the daughter, 

2. 6 min). 

The fact that there is an excess or deficiency of in the tissues of 

the living animal which can be measured raises some interesting considera- 
tions: (1) Since the gamma-ray activities in tissues of the living animal are 
different from those expected froiri usual radioassay procedures, the radi- 
ation dosage -may be different from that calculated from available ^^'^Cs levels. 

(2) -g produced within cells and the opportunity is presented for study- 
ing the mechanism by means of which this element is extruded from the cell; 

(3) Steady-state levels of in clinical cases after administra- 

tion may indicate both the state of the circulatory system and tissue meta- 
bolism; these 'factors, among others, should influence thq level of excess 

in the blood. (4) The excess i37"iBa in the skeleton offers the pos- 
sibility of studying the processes of rapid incorporation of alkaline earths 
jnto bone independent of the slower processes of growth. 




FIG. 31. Decay scheme of *”Cs. 



Materials 



(1) i37tnBa (60 nCi/animal). 

(2) Mature rats (250-300 g) fed or injected with the radionuclide several 

days before the experiment. ' . . ' 

(3) Well-type scintillation coimters, count-rate meters, and suitable 
chart recorders. 

(4) Heparin (1000 I. U. /ml). 

(5) Sodium pentobarbital (6 mg/ ml). 

(6) 1-ml tuberculin syringes and 24-gauge 1.25-cm needles (2). 

(7) 5-ml syringe and 20-gauge 2.5-cm needle. 

(.3) Dissection kit with haemostat. 

(9) Wooden applicator sticks. 

(10) Rat scale. 

(XI) Push-button timer or stop-watch. 
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Procedure 



(1) ’ Anaesthetize the rat by intraperitoneal injection of 1 ml of the solu- 

tion of sodium pentobarbital per 100 g body weight. 

(2) Clamp a haemostat over the tail at or near its base and start timer. 
This is zero time for this tissue. Cut a 1- to 2 -cm piece from the 
middle of the tail. Drop the tissue into a scintillation tube and place 

. > the tube in the well as rapidly as possible. 

(3) Start the reborder and adjust the count-rate meter so that the indica- 
tor reads just above the middle of the scale. 

(4) As soon as the rate-meter is stabilized, note the time and mark the 

recorder sheet accordingly. , 

(5) Follow the<iecay until equilibrium is re|ached (about 15 min). Stop 

the recorder and mark the time. \ * 

(6) Open the abdominal cavity on die midline .^Remove a 1-cm square 
piece of liver and starTTlmer when cut is made. Follow the same 
sequence as* with samples of tail in steps (2) to (5). 

(7) Obtain blood by heart puncture (0. 25 ml will suffice) and follow the 
same sequence as with samples of tail except that zero time is 
recorded when the fjrst blood enters the syringe. 

An alternate method can be employed in. which a young chicken is used 
instead of the rat. In this instance convenient samples are blood and a small 
intestine 2 cm long. 

Calculations and reporting of results 

(1) Express the results as foUows: 

C = observed counts per minute per given sample. 

Ceq= counts per minute per given sample observed at equilibrium. 

(2) Using semi- log graph paper plot; 

(a) C on the ordinate' versus time on the abscissa. 

(b) C - Ccq on the ordinate versus time on ^he abscissa. 

(3) From the slope of the C - Versus. time curve, calculate the half- 

life of the Compare with the value reported in the literature. 

Questions . ' . 






rERiC 



(1) What physical characteristic determines the time required for a 
parent-daughter mixture to attain equilibrium composition? What is 
the approximate numerical relationship between this physical charac- 
teristic and the time required? 

(2) « Is an equilibrium composition attained if the half-life of the daughter 

is greater than that of the parent? 

(3) What is the fundamental difference between "secular" and "transient" 
equilibrium? 

(4) Explain how it is possible to study the metabolism of a radionuclide 
such as ^^*^Cs when the radioassay methods count the emissions of 

. both the ^^^Cs and the daughter 

(5) Eist i^ome advantage^ that result from the measurement of a daughter 
radioactivity in order to estimate the amount of the* longer-lived 
parent present. 
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6. DETERMINATION OF THYROID FUNCTION IN THE DOG BY 

EXTERNAL (IN VIVO) COUNTING AND MEASUREMENT OF PROTEIN- 
BOUND IODINE 

Objectives 

(1) To demonstrate external counting techniques including quantitative 
estimations, collimation, and scanning methods. 

(2) To estimate thyroid function in the dog by measurement of the uptake 

, of radioiodfne by the thyroid gland and by determination of the protein- 
bound iodine (PBI) conversion ratio. 

Introduction and theory 

(1) GeneVal 

Early chemical methods of estimating thyroid function were indirect, 
based on the administration of stable iodine and measurement of the amount 
excreted in the urine. If relatively small amounts v ere excreted, tlie patient 
was assumed to be hyperthyroid, if relatively large amounts, hypothyroid. 

The availability of radioiodine offers important advantages: it is possible to 
obtain a direct estimation by determination of the amount of radioiodine actu- 
ally retained in the thyroid gland, using procedures that are simple and con- 
venient. 

As is well known, the thyroid gland preferentially accumulates, inorganic 
iodine and converts it to a protein-bound form. If inorganic radioibdirie is 
administered to an animal, it will behave. exactly as does the stable form and 
will concentrate in the thyroid gland. Thus, the behaviour of the radioiodine 
provides an indication of the behaviour of 'normally existing inorganic iodine 
in^he system. After administration of the ^^^I, equilibrium is reached 
between the levels of the tracer in the plasma an(J the volume through which 
iodine diffuses rapidly. At this §tage, the radioiodine is cleared mainly by 
the thyroid gland and kidney. Assuming that no significant changes in the rate 
of renal clearance occur in the absence of kidney disease, the thyroidal uptake 
of ^3^1 v/ill reflect the degree of uptak<^ of stable iodine and therefore is one 
of the parameters of thyroid function. ''The reasoning is that an overactive 
thyroid gland accumulates iodine faster and in greater amounts than does a 
normal gland. The reverse is true for an underactive thyroid gland. In dogs, 
for example, experiments indicate the Allowing diagnostic ranges: 0 to 6%. 
uptake, hypoajctivity; 7 to 37% normal: greater than 38%, hyperactivity. 

Since ^^^I is a gamma-ray emitter (0. 360 MeV), the amount of iodine 
presdht in the thyroid gland can be measured by properly placing a radiation 
detector at a specified distance from the skin of the animal in the region of 
the thyroid gland. A Geiger-Muller counter tube can be used. However, 
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scintillation detectors are much more sensitive and are mpst commonly emp- 
loyed because they allow the measurements to be made with smaller doses of 
radioactivity. The external measurement on the animal is evaluated by com- 
parison with the measurement of a dose standard in tissue-equivalent material 
counted at the same distance as in the animal and under identical conditions. 
The percentage uptake by the thyroid gland can then be determined as follows: 

^ , counts per minute of thyroid - background 

^counts per minute of standard - background 

Another parameter of thyroid function is the rate of conversion of inor- 
ganic radioiodine to the protein- bound form. The term "conversion ratio" 
(CR) is used to designate the per cent of radioiodine that has been converted 
to protein-bound iodine (PBI), The general procedure for this test is to 
obtain a blood 'sample at a specified time after injection of the and then 

to pass the plasma through a special ion-exchange re.sin which removes any 
inorganic^ iodine. Radioassays are made of the original plasma and the 
effleunt to determine the ratio of counting rate in*the effluent to that of the 
original plasma, 

(2) Collimation 

Difficulties in the measurement of radioactivity within the living animal 
are caused by the location of the radioactive material in the body, anatomical 
variations in the size and position of the organ containing the radioactivity, 
and especially variation in the concentration of activity both within the organ 
itself and in the surrounding tissues. It is usually necessary to use a colli- 
mated detector . The purpose of collimation is to exclude radiation from 
both general background and areas of the body other than the regions of inter- 
est, The amount of shieldi^ required should be kept at a minimum in order 
to keep the bulk and mass of the detecting probe small enough to permit con- 
venient handling. The shielding thickness of the collimator should be such 
that the radiation reaching the detector through the shielding is only a small 
fraction of that reaching the detector through the aperture. With usually 
1-2 in, ^f lead are used. The principles of collimator use are illustrated in 
Fig. 32. 




FIG. 32. Principles of collimator. 
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There are many factors involved that affect the absolute measurements. 
These include the size of the gland, the body background, the depth of the 
gland below the skin of the neck, and the degree of scattered radiation. In 
view of the complexity of the factors, determinations are usually made under 
arbitrary conditions that are rigorously controlled. The procedures des- 
cribed in this exercise represent typica'l methods. 



(3) Scanning 

It is often of value to know of the distribution of a radionuclide within the 
body. Such information can be obtained by a survey or scan which is made by 
systematically moving the radiation detecting instrument over the region of 
interest. Thjs can be done by hand-held or standard mounted detectors. 
However, it is. much more convenient to use an automatic scanning apparatus 
in which the radiation detector is moved mechanically in a pre-set pattern 
over the body. The basic equipmerjt needed is a radiation detector with appro- 
priate shielding and collim&tion, a mechanical system for moving the detec- 
tor, and counting. equipment for recording the information obtained. 



Materials. 

(1) ^^^I (approximately SO^Ci/dog of ,carrier-free 1-2 ml). 

(2) Dogs. 

(3) Scintillation probe and stand with analytical count-rate meter. 

(4) Well-type scintillation counter. 

(5) Portable survey-meter. 

(6) Automatic scintiscanner. 

(7) Collimator sets and small l^ad filter for scintillation probe. 

(8) Animal clippers. 

(9) Centrifuge. / 

(10) Sodium pentobarbital (65 mg/ml). 

(11) Heparin (1000 I. U. /ml). 

(12) Physiological saline solution. ^ 

(13) Counting tube with cotton for duplicate dose standard. 

(14) Counting tubes (2). 

(-15) 10-ml syringe and 20-gauge 2.5-cm needle. 

(16) 5 -ml syringe and 20-gauge 2.5-cm needle. 

(17) 2-ml syringe and 20-gauge 2.5-cm needle. 

(18) 5-ml volumetric pipette. 

(19) 2-ml volumetric pipette. ' 

(20) 1-ml volumetric pipette. 

(21) Operation boards and ropes. 

(22) 'Scalpel, haemostats, forceps, scissors. 

’ (23) Lead shield (a lead brick will suffice). 

(24) 30-cm ruler. 

(25) Thyroid phantom - a commercial plastic phantqm may be used. If 
this is not available., a 1000-ml beaker filled with water may be used 
with the duplicate dose standard clamped in position in the beaker 
about 0,5 -1.0 cm from the wall. 

■ . > f 
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(26) Circles of filter paper.® 

(27) Plastic |on-exchange column.® 

(28) Circles !of filter paper.® 

(29) Small rubber bulb.® 

(30) Plastic counting tubes. 

(31) Pipette jcontrol. ' 



Procedure 



Note: The procedures as used here are more complex than needed for 
routine clinical diagnosis in order to provide additional' information. For 
routine work it would not be necessary to anaesthetize the animal nor to 
remove its thyroid for comparative measurements. With well-behaved ani- 
mals the meas^irements can easily be made without any extraordinary 
restraints. 

(1) Inject intraperitoneally or intravenously into the dog about 50 pCi of 

By means of the same syringe and procedure deliver an iden- 
* tical volume into a test-tube containing a wad of absorbent cotton; 
this is to serve as the standard. After 24 h proceed as follows to 
measure thyroidal uptake. 

(2) Place the count-rate, meter in operation. 

(3) Place the heavy lead shield in front of the detector and determine 
the background. 

(4) Anaesthetize the dog by intravenous injection of pentobarbital. Sur- 

vey the area over the thyroid gland with a portable survey- meter to 
get an idea of the. activity present. / 

(5) If a scintiscanner is available, make a scintigram of the thyroid gland. 

(6) Place the dog on the board provided on its back and with the head ... 
extended by means of a jaw- holding attachment. 

(7) With the detector exactly 30 cm above the thyroid gland, and with 
the small lead filter in place in the probe, take a maximum reading. 

(8) Place the heavy lead shield (lead brick) over the gland and take 
another reading (this will be the background). Remove the dog from 
the detector. 

(9) Take the duplicate dose standard in a tissue- equivalent phantom and 
place it at exactly the same distance from the detector as was the 
thyroid gland. Repeat the measurement of standard and background 
as was done on the dog. 

(10) Sacrifice the animal with an over-dose of Na- pentobarbital, carefully 
dissect out the thyroid gland and place in a test tube, t^lace the 
carcass of the dog back inyposition and repeat the background mea- 
surement. 

(11) Place the test tube containing the thyroid gland in the phantom and 

. line it up, with the detector at a distance that will give a reasonable 
. count. Measure the activity. 

(12) Replace the test tube with a tube containing the duplicate dose stand- 
nard and repeat the count. 

(13) Removcrboth samples from th^'vlcinity and measure the background. 



* Obtainable as lorcsin PBI Conversion Ratio Kit from Abbott Laboratories, Oak Ridge. Tenn.. USA. 
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(14) By means of either the scintiscanner or a scintillation probe and a 
suitable grid, determine the radiation patterns ’’seen” by the differ- 
ent collimators available, (The source used cam be a mock 
source or the duplicate dose standard. ) 

(15) Determine the conversion ^o protein^bound iodine according to the 
following directions .using the Abbott Kit: 

(a) Place a piece of the pre-cut filter paper on the bottom of the 

polyethylene cylinder . ^ ^ / . 

(b) Transfer to this cylinder, gently with a dropper, sufficient ion- 

exchange resin to produce a column 1.5 - 2 cm in height,, and 
allow the water to drain through, 

(c) Wash the column once with physiological salir^, allow it to drain, 

and express the excels liquid by gentle air pressure from the 
small rubber bulb supplied. (Care should be taken to break^he 
seal between the bulb and the cylinder by turning and lifting 
gently, before releasing the pressure, so as not’ to disturb the 
resin column. ) ' ^ 

(d) Obtain some plasma and pipette 2 ml into a graduated test tube; 
measure the ladioacfiyity in a we 11 -type scintillation counter. 

(e) After counting, pour the Sample of plasma onto the column and 
allow it to drain through. 

(f ) WTien plasma has stopped dripping from the column, pressure is 
again applied with the bulb and the test tube is then washed with 
2 ml of physiological saline followed* * by a second 1-ml wash, ’ 
These washings are added.to the top of the column and collected 
with the plasma effluent. 

(g) Uping 2 ml of plasma, the volume will now be about 5 ml as 
indicated by the test-, tube calibrations. This tube contains 
protein-bound only .since the inorganic iodide has been 
retained by the resin column^ 

(h) Count the liquid in a well-type scii^tillatioji counter as above. 

Calculations and reporting of results 

(j) Calculate the % of thyroidal uptake of from both in-vivo and 
’ in-vitro measurements. 

(2) Determine the conversion of protein-bound iodine and express as 
the conversion ratio. * 

Questions. 

(1-) 'List as many factors as you can that might be expected to alter the 
thyroidal retention of administered radioiodine. 

(2) Scintillation detectors as used for external counting are very sensi- 
tive to low-energy scattered radiation. In what two ways can this 
source of error be eliminated? 
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7. LIVER FUNCTION AS STUDIED WITH IODINE-131- LABELLED 
ROSE BENGAL 

Objectives 

(1) To illustrate a procedure for external counting of the liver of * 

sheep. ^ 

(2) To estimate liver function in the normal and diseased animal by 

measurement of the uptake and excretion from the liver of , 
labelled Rose Bengal. ’ 

Introduction and theory 

The metabolic behaviour of Rose Bengal, which is the potassium salt 
of tetralodo-tetrachlor-fluorescein, has been used for many years to test 
liver function. When this dye is injected into the blood it is accumulated' 
by the hepatic cells and excreted in the bile. Since the Kupffer cells of the 
reticuloendothelial system are not involved, the uptake by the liver of Rose 
Bengal is a measure of liver-cell function. There is no appreciable re- 
sorption of this dye from the- bowel or biliary system and it leaves the 
body with the faeces. Urinary elimination is minimal except in cases of 
severe hepatic insufficiency. 

In principle, three types of information are available from the use of 
this substance: (1) The extent of liver-cell function; (2) The patency or 
lack of obstruction of the bile duct; (3) The degree of hepatic circulation. 

In earlier tests the concentration of the dye was measured colori- 
metrically and it was ppssible to measure hepatic cell function indirectly 
by .the decrease of concentration in the blood as the serurh was cleared of 
the dye by the liver. This procedure was extremely difficult and limited. 

^ The chemical ^structure of Rose Bengal permits the replacement of 
the stable iodine atoms with radioactive iodine ('^'l) by means of an ion- 
exchange reaction giving a high specific activity (1 mCi/mg) in the dye, 

When this radioactive Rosc/Bengal (^^^RBI) is used the test has certain 
advantages over that ba&^a on colorimetric estimations. Important features 
are as follows: ^. | 

(1) Hepatic-cell function is measured directly rather than by changes • 

in blood. Thus, repeated venipunctures are eliminated and greater 
sensitivity is obtainable. ^ ^ 

(2) The j^attern of dye uptake and release from the liver is continuously 
' recorded. 
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(3) The lest can be used safely in ihe presence of bilary iraci ob- 
struction because of the minute quantities of dye needed, which 

■ eliminates the problem of toxicity. 

(4) The patency of the biliary tract can be measured. 

The procedure, in general, involves the detection and recording of the 
uptake and elimination of -^labelled Rose Bengal by an appropriately 
positioned scintillation probe and count-rate meter connected to a cht\rt 
recorder. The tagged dye accumulates rapidly in the liver, reaches a 
^ peak, which represents a transitory steady-state between rates of uptake 
.and excretion, and then disappears from the liver comparatively slowly 
as the rate of excretion dominates. The downward slope is a measure of 
the rate at which the liver is capable of excreting the dye since the blood 
is essentially cleared by this time and there is no appreciable further up- 
take by the liver. 

With liver pathology a variety of abnormalities of the graphic picture 
may be seen when a cha:^t is compared witji the record of a normal animal. 
A few of these are: decreased rate of uptake; decreased total uptake; 
decreased rate of removal; no removal. The test will be performed on 
two sheep one of which is normal, the other having a liver that is poisoned 
with carbon tetrachloride. 

Recently, it has been shown that certain substances, when injected 
into ah animal, can make the test more sensitive. One of these 

compounds is bromsulphthalein (BSP). If BSP is injected into an animal 
at a dose of 2.5 mg per kg of body weight just previous to the dose of 
’^’RBI, the BSP decreas'es the hepatic uptake of the labelled dye. By 
eniploying this technique on a number of patients, physiciang have found 
that many people with liver pathology show an abnormally low uptake, 

* whereas if given the labelled dye without the BSP the same subjects show 
a low normal uptake pattern. Individuals with normal livers show no de- 
crease in uptake of Rose Bengal when given the same dose of BSP. 







.Materials 

I 

(1) ’^’l-labelled Rose Bengal (25 ^/Ci/animal). 

(2) Sheep; ohe normal, one poisoned with CClj (0.5ml/kg body wt 
by sjomach tube 24 h devious to experiment). 

(3) Scintillation probe and stand with analytical count-rate meter 
attached to chart recorder. 

(4) Portable survey-meter. 

(5) Metabolism stalls for sheep. 

(6) Animal clippers. 

(7) Stable Rose Bengal. 

(8) Physiological saline solution. 

(9) Heparin solution (100 I.U./ml). 

(10) 5-ml syringes' with 20-gauge 2 . 5-cm needle (2). 

(11) Polyethylene tubing (PE 90). 

(12) 15-gauge 2. 5-cm needle. 

(13) Haemostat. 

(14) Adhesive tape. » 
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P rpcedure ^ 

(1) Confine the animals in Hie metabolism stalls restrained so as to 
minimize lateral motion during counting. 

(2) Shave the lateral side of the neck with the clippers and with the 
15-gauge 2.5-cm needle make a venipuncture of the jugular vein. 

(3) Slide a piece of the PE 90, previously filled with heparin, through 
the 15-gauge needle into the vein. Remove the needle leaving the 
piece of tubing in place as a cannula. Fasten it to the side of tiio 
neck with adhesive tape. 

(•1) Fill the cannula with the heparin solution ihrouglra 20-gauge 
needle and clamp off the cannula with a haemostal. 

(5) A.ssqmble the scintillation probe, lead shield, count-rate meter 
and recorder. The recorder sliould run at 6 in. /h. 

(6) Position the probe at a point on a liorizontal line even witli and 

8.0 cm caudal to the point of the elbow'. Tliis position correspohd.s 
to the maximum concentration of liver tissue and is sufficiently 
distant from the gall-bladder area to avoid interference from 
labelled dye which becomes concentrated in the gall-bladder. 

(7) Record background for 5 min using the 1000 scale and a 10-sec 
time constant. 

(8) Switch to the 30 000 scale and 0.5-sec lime constant. 

(9) Inject 25 pCi ^’^U-labelled Rose Bengal via the previously inserted 
polyethylene jugular cannula. Mix the labelled dye with sufficient 
stable Rose Bengal to make 2.5 - 3.0 ml; this tends to prolong 
the excretion time. Inject 5 ml of sterile physiological saline 
solution after the Rose Bengal to ensure ilial all the Rose Bengal 
has reached the blood stream. 

(10) After 5 min, switch to the 10-sec lime constant. 

(11) Continue recording for 1 ^ - 21i. 

(12) At the end of 2 h and again at 24 h take readings over the liearl, 

liver and abdomen. 

^ (13) Determine activity of faeces at 24 h with a survey-meter. 

Calculations and reporting of results 

(1) Calculate the mean rate of uptake of ilie labelled Rose Bengal by 
the liver of the two slieep assuming that the peak represent.s 
100% uptake. 

(2) By making the same assumption, determine ilie rale of removal 
of the dye from the liver. 

(3) With the data from (2), determine the time for about 95% of tlie 
dye to be removed from the livei;. 

Questions 



(1) W hy is collimalion necessary in this procedure? 

(2) What differences did you see in the uptake and excretion graphs 
of the two sheep? 

(3) Can you explain these differences on a pathological basis? 

(4) W’hy was a dose standard necessary in tlie thyroid function study 
but not important in tins exercise? 
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(5) What type of grapli would have been seen if one of the sheep had 
liad an obstruction of liie common bile duct? 
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8. TRANSPORT OF CALCUJM-45 AND STRONT IF M -85 ACROSS 
SURVIVING INTESTINAL SEGMENTS 

Ob.iectives 

(1) To demonstrate the use of the surviving intestinal sac. 

(2) To illustrate an application of double counting techniques. 

(3) To study the transport of calcium and strontium in relationship 
to n'techanisms of gastro-intestinal absorption. 

Introduction and theory 

The everted sac ' 

k 

An important technique for the study of transport of substances across 
intestinal membranes is the use of surviving everted intestinal sacs from 
laboratory animals. After eversion, the mucosal side of the intestine is 
on the outside (see Fig..33) and, when placed? in contact with the incubating 
solution, it can be oxygenated to maintain mucosal function. The procedure 
is generally as follows. The animal is killed and an intestinal segment 
6-8 cm long is immediately removed. The segment is washed with 
isotonic saline, everted, rewashed with the saline, and tied at one end 
with a suture. 

The solution to bfe studied is injected into tlie other end through a 
ligature and this end is tied after removal of the needle. The filled seg- 
ment is tlien placed in a flask and covered completely by incubating medium. 
The rate and extpnt of transport of material across the sac can be deter- 
mined by analysis of the incubating medium and the sac contents at different 
times. If with time differing concentrations are found to develop within 
and without the sac this is evidence that the membrane was able to trans- 
port the Radionuclide against a concentration gradient. The substance 
studied can be either labelled or unlabelled material. The studies can 
be done by starting with the same concentrations of substances on both 
sides of the membrane and observing if differing concentrations develop. 

Or the label can be placed only on one side and observations made as to 
the rate of movement and the final equilibrium levels attained. 
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SEROSA 

MUCOSA 




DUODENAL SEGMENT OVER FLEXIBLE 
PROBE WITH TIE AT ONE END 




PARTIALLY'EVERTEO DUODENAL SEGMENT 




COMPLETELY EVERTED DUODENAL SEGMENT 
FIC. 33. Eversion of a duodenal segment with the aid of a flexible piobe. 



The advantage of this system is that it permitr precise measure- 
ments under restricted and specific experimental conditions. The dis- 
advantage is, of course, that the system may not represent the situation 
as it exists in the living animal. However, there has been excellent 
agreement in several studies that have been done where it has been 
possible to make a comparison between the results obtained using surviving 
intestinal Segments and preparations in the living animal. 

Multiple tracer techniques * 

In this type of study as well as in many other biological experiments, 
there is considerable advantage in the simultaheous use of two radionuclides. 
This procedure requires accurate measurement of each when both are 
present in a single sample. There are various methods both physical 
and chemical that can be used for this purpose. ^ 

Spectrometry 

If the two radionuclides emit different types of radiation (e. g. one a 
beta emitter and the other an EC** emitter with an abundant gamma ^ay) 
they can be differentiated* by counters that respond primarily to one of 
the radiation types. In this experiment. Tor exart\ple, ^^^Ca emits only 
teta particles and ®^Sr decays by EC and emits only gamma rays. There- 
fore, a G-M counter may be used to me%gure the ^^^Ca and a well-type 
Nal(Tl) scintillation counter to measure the ®®Sr. 

If the two radionuclides both emit gamma rays, then gamma-ray 
spectrometry may be used to differentiate the two. Gamma- ray detectors 
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with good-energy resolution, such as the semi-conductors, are particularly 
^useful if the gamma-ray energies are close together. Alpha and beta 
spectrometry is also possible with senal-conductor detectors. 

In the liquid scintillation counter differential beta-particle counting 
is possible if the beta energies differ by at least a factor of 4. 

Chemical or physical separation - ' 



With isotopes of different elements, conventional physical or chemical 
separation may be employed. For example, the separation of ^^Ca, from 

by precipitation of calcium oxalate. Ion-exchange columns are often 
usen^or this purpose. In the use of and in studies of body 
electrolytes it is possible to make simultaneous measurements in plasma 
by precipitating the potassium as cobaltinitrite. In studies of blood 
volume, where ^^^L-l^elled albumin and ®^Cr-labelled red cells are used, 
it is possible to separate these two radionuclides simply be centrifugal 
deposition of the red cells in the usual way. In multicouhting methods, 
it is important to have tlie concentration of each radionuclide such that 
large errors are not introduced because of subtractive procedures for 
the particular method used. Theoretical considerations are quite complex 
for the optimizing of the methods and the concentrations of radionuclides. 
The bibliography should be consulted for details. It is emphasized that 
unless care is taken, it is quite likely that large uncertainties will be 
introduced in double-counting procedures. ^ 

Materials 

(1) , Standard tray (see Exercise 1). 

(2) Solution of Wilson and Wiseman^ containing (f.04 pCi and 

0.02pCi®5*Sr/ml. ^ 

(3) Solution of Wilson and Wiseman containing 0.04 pCi ^^Ca/ml, 

0.02 pCi 85Sr/ml, and 10‘3 M NaCN. 

(4) Solution containing 0.04 pCi per ml 45Ca. 

(5) Solution containing 0.02 pCi per ml®®Sr. 

(6> Rats (preferably maintained on a low calcium diet for at least 
a week). 

(7) Well-type scintillation counter with single-channel analyser and 
su^able scaler.- 

(8) -G-M counter. 

(9) Constant-temperature water-bath shaker set at 37®C. 

(10) Oxygen tank with attached rubber hose. 

(11) Sodium pehtbbarbital (65 mg/ml). 

(12) 5-ml syringe 'and 20-gauge 2.5-cm needle. 

(13) 1-ml tuberculin syringe and 20-gauge 2.5-cm needle. 

(14) 5:0-ml volumetric pipette and control. 

(15) 0.2-ml calibrated pipette. 



* Wilson and Wiseman solution: 
NaCl 0.135 M 

KCL . o.on M 

CaCli 4X lO’iM U 

Na,HP04(pH 7.4) 0.008 M 
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(16) 15-ml graduated centrifuge tubes (2). 

(17) 25-ml Erlenmeyer flasks with rubber stoppers (2). 

(18) Counting tubes (8). 

(19) Planchets (8). 

(20) Scissors, scalpel, forceps, flexible probe. 

(21) Cotton thread. 

(22) Squeeze bottle of physiological saline solution. 

(23) Infra-red heat lamp. 

(24) Planchet trays. 



Procedure 



(1) Kill rat by injecting intracardially an overdose of sodium 
pentobarbital. 

(2) Immediately incise the abdomen, resect the duodenum at the 
pylorus, and remove ^ segment of duodenum that measures about 

8 cm. Do not pull mesentery free but cut mesentery with surgical 
scissors . 

(3) Evert duodenal segment by inserting a flexible probe completely 
through the lumen, tying off one end and telescoping the gut seg- 
ment through itself beginning at the tie (see Fig. 33). 

(4) Wash the everted segment with saline, and tie at one end with 
surgical thread. 

(5) Inject 0.6 ml of labelled incubating solution into other end df 
segment; inject into the segment through a second tie to prevent 
backflow. After injection, remove needle while pulling the secpnd 
tie tight. Thus, a ”gut sac" is formed with the serosa inside 

and the mucosa outside. 

(6) Place sac in 25-ml Erlenmeyer flask containing 5 mi of incubating 
solution, and gas for 1 min with oxygen. 

(7) Close flask with rubber stopper and incubate in water-bath shaker 
for 1 h.. 

(8) At the end of 1 h remove segment from flask, rinse with saline, 
and blot on absorbent tissue paper. Allow fluid inside of sac to 
run into a graduated 15-ml centrifuge tube and determine residual 
volum e . 

(9) Pipette 0.2-ml samples in duplicate from outside and inside 
solutions into stainless-steel planchets and dry under infra-red 
heat lamp. Count dried samples for^^Ca beta activity. 

(10) Pipette O.'2-ml samples in duplicate from outside and inside 
solutions into counting tubes and determine ®^Sr activity with a 
scintillation detector. 

(11) Repeat above procedure with another rat but use. Wilson- Wiseman 
solution containing 10*^ MNaCN. 






Calculations and reporting of resuUs 

(1) Calculate the S/M ratios for strontium and calcium in the two 

animals. The S/M ra^tio is defin^ as the ratio of cpm/ml on • 
the serosal side (inside of sac) to cpm/ml on the mucosal side 
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(outside of sac). Transport of an ion against a concentration 
gradient from the niucosal side to the serosal side will b*e' indi- 
cated by S/M > 1 . 





cpm/ml ®®Sr 


V 

Ratio 


cpm./ml- ^^a 


Ratio 


* 


Inside (S) Outside (M) 


S/M 


Inside (S) Outside (M) 


S/M 


Rat No. 1 
Rat No. 2 


/ t 



Questions 

(1) Is the observation that an ion is moved against a concentration 
gradient sufficient evidence for active transport? 

(2) What forces, other than active transport, may account for move- 
ment against a concentration gradient? 

(3) What other processes could cause ion movement across biological 
membranes? 

(4) From the data, what mechanisms would you propose for the intes- 
tinal transport of Ca and Sr. 
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9. VITRO TRANSPORT OF SODIUM ACROSS FROG BLADDER 
Objectives 

, (1) To measure the rates of movement of sodium ions in both directions 
across a biological membrane. 

(2) To measure the electropQtential produced by a biological membrane, 

(3) To determine the type of transport by which sodium moves across a 
frog bladder, v 

Introduction and theory 

Many biological membranes have the capacity to transport sodium ions 
against an electropotential gradient. The bladder of the frog has been exten- 
sively studied in this connection since it develops an electropotential differ- 
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enc6 of 70 - 100 mV, actively transports sodium, and i^ convenient to work 
with. For interpretation of the data from this type of experiment, Ussing 
derived the classical rate equation which permits thermodynamic evaluation 
of the processes that occur. This treatment^is used in the present exercise. 

Generally, the bladder from a pithed frog is placed between the two 
chambers of a diffusion cell (see Fig, 34), and the chambers are then filled 
with Kinger*s solution. The solution in one chamber is labelled with^^^Na 
(Tj =2.6 yr) while the solution in the other chamber is labelled with ^^Na 
(T^ = 15 h). The unidirectional rate of each radioisotope is deter mined“and 
the electropotential difference across the membrane is simultaneously 
recorded with a sensitive potentiometer. 

If only 9ne sodium isotope is available, the following modifications may 
be employed. Two diffusion cells are used, each containing a piece of tissue 
from the same frog." In the first cell, only the solution in contact with the 
outside of the tissue is labelled, whereas^ in the other cell, the labelled solu- 
tion is placed in ^contact with the inside. Another procedure is to label the 
solution on one side and to deternjine the transport rate for a specific length 
of time. The cell is then emptied, refilled with the labelled solution in con- 
tact with the other side of the tissue, and the transport rate determined. 

From the values obtained during the experiment, it can be determined 
whether active* sodium transport is taking place on the basis of the following 
considerations, If only simple diffusion were occurring, the rate ratio should 
be given by the theoretical equation; 



where ' / 

Pi is the transport rate of Na"*^ from compartment 1 to 2 (pmole/h), 
pg is the transport rate of Na**^ from compartment 2 to 1 (pmole/h), 
Cj is the Na'*^ concentration in compartment 1 at zero time.'^ 

C 2 is the Na"*^ concentration in compartment 2 at zero time. ' 

z is the valency of Na'*^ = 1 . 

F is the Faraday constant = 96 500 coulombs per equivelent, 

E is the potential difference between compartments (Ej - E 2 ), 

K is the gas constant = 1.987 cal^C**^ mole*^ = 8.31 J®C“^ mole*^ , 
T is the absolute temperature = 273 +®C. 



Rate ratio = = £2-ezFE/RT 

P2 Cl 



( 1 ) 



FROG BLADDER 




FIG. 34. Diffusion cell. 
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Under normal conditions, zF/RT is about equal to 1/25 mV. Since the 
initial concentrations of sodium ion on each side of the membrane are the 
same, Eq. (2) reduces to: 



Thus it is necessary only to measure the potential difference in order to 
calculate the theoretical diffusion- rate ratio of Na"^ . If the observed pj/p 2 
ratio as measured from the unidirectional transfer of radiosodium is equal 
to the theoretical rate ratio as calculated, i.e. (pj / p 2 ) observed = (P 1 /P 2 ) 
theoretical from Eq. (2), it is impliejj that Na traverses the membrane by 
simple diffusion. If the observed value of (Pj/p 2 ) is greater than the theore- 
tical value of (pj/pg), active sodium transport is indicated. If (P 1 /P 2 ) observed 
is less than (P 1 /P 2 ) theoretical, sodium is thought to be transferred by a 
combination of exchange diffusion and simple diffusion. If (P 1 /P 2 ) equals 1, 
the Na'*’ is transferred by exchange diffusion. 

By^the use of constants from the literature, the current carried by the 
net rate of Na*^ can be compared with the total current crossing the membrane. 
The total current is calculated from the equation; 



where 

i is the total current inpA, 

' E is the potential difference (Ej - E 2 ) in mV, 

C is the total conductance = 0.55 mmhos/cm^. 

Since the net transfer of 1 p -equivalent per hour = 26.8 pA, the total 
p -equivalents per hour can be estimated. These values for i can then be 
conipi^d^ith the observed net Na rate (pj -P 2 ). This will indicate what 
fra^on 0 / the current is carried by Na'*^ ions. 

An ^ditional calculation can be made to estimate the work performed 
by th^j/embrane in accomplishing the transport of sodium. Since there is 
no cwcentration difference, the only considerations are the work to over- 
come. the electropotential difference, and to overcome the internal sodium 
resis^nce of the membrane. This is given by the equation: 



constants and variables are as defined above. By inserting appropriate 
values for the constants and rearranging, Eq. (4) becomes: 

W = 23 160 (E + 0. 058 log P 1 /P 2 ) caiOries/p -equivalent Na transported (5) 

If two isotopes of sodium are used, it is necessary to measure each 
accurately when both are present. A difficulty in the use of the gamma- ray 
spectrometer for this purpose is caused by the fact that the lower gamma- 
ray peak of ^Na (2, 758 MeV, 1.38 MeV) lies quite close to the higher gamma- 
ray peak of 280 MeV, 0. 510 MeV). This matter can be resolved in 

either of two ways. 



W = zFE+ RT In ^ 
P2 



(4) 



where 



W is the work in calories/p -equivanent of Na*^ transported, and the other 
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In one procedure, the is counted at its higher peak immediately 

after collection of the samples. The samples are saved for one week during 
which time the ^^Na (Tj = 15 h) will have decayed to a negligible value. The 
samples are then counted again at the higher gamma peak of j'l'i = 2.6yr). 

The alternative method is to count a standard sample containing only ^Na at 
the peak of ^^Na and at the peak of ^^Na. The amount of cross- counting at 
^^Na peak can then be determined as a fraction of the count at the peak. 

In like manner, a standard sample containing only ^^Na is counted at both • 
peaks and the fraction of ^^Na counted at the ^^Na peak is determined. The 
samples may then be counted for both and after collection and the 

count of each isotope determined by the use of simultaneous equations. 

/ 

Materia ls ' 

- .V (IJ 

( 2 ) 



(3) 

(4) 

(5) 

( 6 ) 

(7) 

( 8 ) 

(9) 

( 10 ) 

( 11 ) 

( 12 ) 

(13) 

(14) 

(15) 

Procedure 

(1) Grease all contact surfaces of the diffusion cell with petroleum jelly. 

(2) Pith the frog and excise an area of bladder tissue measuring about 

4 cm by 4 cm . * ■ o . 

(3) Place the tissue between the two halves of the diffusion cell and 
clamp together. Some trimming may be necessary. 

(4) To one chamber add 20 ml Ringer *s solution labelled with about 
5pCi of ^^Na. To the other chamber add 20 ml Ringer* s solution 
labelled with about 10 ^Ci of 

(5) Aerate by placing in each chamber i small polyethylene tube attached 
to an O 2 tank. Tlie bubbling will also serve to mix the solutions. 

(6) Place one end of an agar bridge into each chamber and insert the 
other end into the calomel electrodes wjbich-cire connected to the 
potentiometer. Keep the length of the^bridges as short as possible 
and make sure there are good contac^ at all points. 

(7) Sample each chamber at 10, 20, 30"^d 40 min, taking 1 ml at each 
sampling. 

(8) . Record continuously the electropotential generated by the membrane 

and note the potential at the time of each sample. 



.Standard tray, 

^"*Na and/or Na solutions . Approximately 0.5 pti of ^Zj^a should 
be used in each half cell while 1.0 iuCi of ^"^Na per half cell is 
required. 

Bull frogs. 

Well-type scintillation counters with single- channel analysers. 
Diffusion cells . 

Potentiometer (high impedance) measuring the 0-100 mV/range. 
Matched calomel electrodes. 

KCl-agar bridges (boil 28% KCl and 3% agar in H 2 O, and draw into 
PE 200 polyethylene tubing with hypodermic syringe). 

Oxygen tank with suitable tubing.. 

Ringer* s solution. 

Petroleum jelly. 

20-ml volumetric pipettes JjIus control (2). 

1-ml volumetric pipettes (10). 

Counting tubes (10). 

Scissors, forceps, dissecting needle . 
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(9) Determine the and ^"*Na in each sample by counting at the 

correct peak with a well-type scintillation, counter and a single- 
channel analyser or use the differential decay method. 

Calculations and reporting of results • . 

(1) Calculate the unidirectional rates of sodium. 

(2) Calculate the theoretical rate ratio from Eq.(2). 

(3) Calculate the total current and compare with the current due to 
Na*^ movement. 

(4) Determine the. amount of work performed by. the membrane, assuming 
that active Na"^ transport does take place. 

Questions 

(1) From the data, what type of transport process is indicated for Na"*^ ? 

BIBLIOGRAPHY 
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10. CHOLESTEROL METABOLISM IN THE RAT AS STUDIED BY LIQUID 
SCINTILLATION COUNTING OF TRITIUM AND CARBON- 14^ 

Objectives 

(1) To demonstrate a technique of sample preparation for liquid 
scintillation counting. 

(2) To study the absorption and biosynthesis of cholesterol in the rat. 



Introduction and theory 



V 



The basic principles of liquid scintillation counting have been treated in 
the Basic Part, Lecture Matter (Section 2.3.2) and in Laboratory Exercises 
(Section 2.4). In this exercise applications are made to the study of certain 
aspects of cholesterol metabolism in the rat. 

Dietary cholesterol is readily absorbed from thp intestinal tract of higher 
animals. The route of absorption appears to be via the lymphatics. Choles- 
terol alone is absorbed moderately well from the intestine of the rat, but 
many dietary liquids and fatty acids such as oleic and linoleic acids enhance * 
the absorption of the sterol. A commonly held view is that fatty acids aid in 
the transport of cholesterol through the cell, or the exit from the cell, by 
providing an essential substrate for its esterification. 

Although cholesterol is readily absorbed. from the gut, it is not an essen- 
tial component of the diet. The fact that most animals can synthesize their 
own sterols from smaller carbon units has been knovvni for a long time, and 
the use of radioisotopic methods' has provided important information on the 
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metabolic pathways in sterol synthesis. In f954 it was shown that acetate is 
an effective precursor of cholesterol and that both carbon atom^ of the acetate 
radical are incorporated into the cholesterol molecule. 

In the isolation of radioactive cholesterol from body tissues and fluids, 
care must be taken that the product is not contaminated with various pre-, 
cursors. Recently, a technique has been proposed for the precipitation of 
chole^St^ol using the glycosidal alkaloid tomaUne, which is isolated from the 
stems and leayes of tomato plants. This technique appears to be more spe- 
cific for cholesterol than any of the previous methods. 

1 The following experiment is designed to demonstrate both the intestinal 
absorption of cholesterol-7-^ H and the biosynthesis of cholesterol from 
febdium acetate- 1- , * 



Materials ^ 

(1) standard ti:a;^se^Exercise 1 ). 

(2) Cholesterol-7- 

(3») Sodium acetate-1- ^^C.' 

(4) Rats (100 T ’200 g). 

(5) Liquid -scintillation counter. 

(6) Colorimeter. 

f' ^ (7) Water bath, steam bath, or sand bath. - ' 

• (8) Centrifuge. 

. (9) Nitrogen- gas tank plus gauge. « 

(10) . Petroleu^d ether, 60 - .70®C boiling range. 

(11) Acetone -etjia|nol soluli^ (Ijl)- 

(12) Acetone, ethanol, eiher, (4:4:1). f 

(13) Alcoholic KOH (50%,^/Vol, in ethanol). 

(14) Cholesterol solution^. Dissolve 100 mg of cholesterol in 100 ml of 
glacial acetic acid. A working -standard (0.02. mg/ml) is made liW 
diluting 2 ml of stock solution^to 100 ml with glacial acetic acid,^. 

(15) Ferric chloride solution: Dissolve 1 g of ferrip chloride ^exahydrate 

in 10 ml of 'glacial acetic acid. ^ ‘ 

(16) Colour reagent: Pipette 1.0 ml of ferxjic chloride solution intp a 

100-ml volumetric flask and dilute to the mark with concentrated 
sulphuric acid. " 

(17) Glacial acetic acid^ 

(18) Tomatine solution: 

(a)^-l% tomatine in ethanol 55 parts 
X (b)’’ water ' 44 parts ' 

,(c) glacial acetic acid jl jiart 

(19) Scintillation solution: , * » ^ 

(a) PPO (2-5 diphenyloxazole)’ ^ ^4 g 

(b) POPOP (l-4-bis-2-5-phenyloxazolyl benzene) 150 mg 

. make up to 1 litre 






(c) T^oluene 

(20) Vegetable oil, . ^ 

(21) Heparin solution (1000 I.U./ml). 

(22) Ether . * 

(23) 15-ml centi^ifjuge tube (IL 

(24) 50-ml centrifuge tubes (2). 

(25) Colorimeter tubes.' . 

(26) Irml syringes with 24-gauge needles (2^. 
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(27) 10-ml syringe with 20-gauge 2, 5-cm needle, 

(28) Stirring rods, . 

(29) Disposable pipettes, 

(30) Assorted volumetric pipettes plus control. 

(31) Ether chamber, 

(32) Liquid- scintillation counting vials, 

(33) Polyethylene stomach tube. 



Procedure 



\ 



(i) Administer to a rat by stomach tube 0.4 mCi/kg body weight of 

cholesterol- 7- dissolved in approximately 0, 5 ml of vegetable oil, 

' (2) Leave the animal in a cage for 3 h eifter feeding. 

(3) At the end of 3 h inject intraperitoneally into the rat 0. 2 mCi/kg 
body weight of sodium acetate- 1- 

(4) Return the animal to the cage for an additional 1-h period. 

(5) At the end of 1 h anaesthetize; the rat and remove approximately 
5 ml of bloodfin a heparinized syringe. by heart puncture or from 
the vena cava^ after opening the abdomen. 

(6) Centrifuge the blood sample for 15 min at 2000 rev,/min, 

(7) Pipette two 0. 5-ml aliquots of plasma into 50 -ml centrifuge tubes 
and add 0.5 ml of 50% alcoholic KOH. 

(8) Heat on the water bath at 50 - 55** C for 1 h. 

(9) Cool to room temperature, add 5 ml of petroleum ether and shake. 
Now add 5 ml of water and shake vigorously for l,min. After two 
clear layers have formed, draw out the top layer, Re^peat with 
another 5 -mL volume of petroleum ether. 

(10) , Evaporate the solvent under nitrogen, 

(11) Add 2 ml of acetone-alcohol (1:1) and then add 0,5 ml of the tomatine 

solution (solution 18), “i 

(12) Incubate at room temperature for^O min, >t^ the end of this time a 
tomatinide precipitate should have formed, 

(13) Centrifuge for 5 min to settle the precipitate and draw off the super- 
natant, Wash the precipitate with the acetone, ethanol, ether mix- 
ture, re- centrifuge and draw off the supernatant, 

(14) Dissolve the precipitate in 5 ml of glacial acetic acid, heating gently, 
if necessary. 

(15) Pipette two 0. 5-ml aliquots of the tomatinide solution into colori- 
metric tubjBS for total cholesterol determination. Add 2. 5 ml of 
glacial acetic acid to ea^h tube to make a total volume of 3.0 ml. 

(16) Prepare two blanks containing 3.0 ml cholesterol and two standards 

containing 3. 0 ml of the^cholesterol standard (0. 02 mg/ml). j 

(17) Arrange the tubes in a test-tube rack mth a blank and standard at the 

o 'beginning and the end of the series. 

(18) Add 2,0 ml of colour-developing reagent (solution 16) to all tubes, 

(19) Mix Uioroughly using a very slowly flowing N 2 stream through a dis- 
posable pipette. If Ng is not available, air may be used. Use a dif- 
feregt pipette for each tube. 

C20) Read the^er cehjt transmission at 550 nm on the colorimeter* 

? vided. , * . V 

(21) Place t)yo 0. 5-ml ^lic^ots of the tomatinide solution into liquid- 
scintillation counting vials >nd add 20 ml of scintillation solution, 
mixing thoroughly, ^ 
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(22) Prepare a blank containing 0.5 ml glacial acetic acid and 20 ml of 

scintillation fluid. a 

(23) Count the samples in the liquid scintillation counter at the optimum 

high voltage settings for and determined previously in the 
Basic Part (Section 2.4). . 

Calculations and reporting of results 

' (1) Calculate the cholesterol content in mg per 100 ml of plasma. 

(2) D.etermine the specific activity (cpm/mg) of cholesterol- and 
cholesterol- ^"*C . * 

•V • • o 

f • 

Questions 

(1) From the data wliat would you expect to be the best method of rapidly 
inducin^a high cholesterol level in an animal? 

(2) WTiat sources of error might be present in the experimental 
technique? 1 

(3) Since the tomatinide precipitation is nof entirely specific for 
cholesterol, how could you determine the presence* or absence of 
considerable amounts of contaminants (cholesterol precursors)? 
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'll. ASSAY OF TRITIUM IN MAMMALIAN TISSUES 



Objectives 






(1) To prepare animal tissues Containing metabolically incorporated 

, tritium. • 

(2) To demonstrate two methods fpr production of tritiated H 2 O (for 
liquid scintillation counting) from animal tissues labelled with 

‘ tritium. 

(3) To demonstrafte a method for the production of hydrogen gas and 

methane (for counting in an ionization chamber) from animal tissues 
labelled with tritium. • 

Introduction and theory 



Because of. the very low energy of thq^beta particles (0.018 MeV) from 
tritium (^H) and consequent self-absorption'/ direct counting of tritiated 
stibstances using- a gas-flow counter is not well suited for sensitive measure- 
ments. Usually, tritium is measured either by converting all the hydrogen 
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of the samjile to gaseous compomuls which can l)o assayed in an ioni 7 .atit>n 
chamhei' oi’ j^ro|)ortional counter, or l>y i ncorpoi'alion of tlu‘ M'itiuni into a 
liquid system suitable for scintillation couritiriR. 

'Phe simplest method of preparing samples for liquid scintillation count- 
ing is to- dissolve the activated substance directly in the scintillation fluid as 
is done in I^xercisc* 11. However, this method often presents difficulties 
l)ccause of the light-absorbing properties of many biological materials. Tlu* 
c-olour, which may appear in the scintillation fluid wlien the sample is acided, 
absorl)s pai't of the light fi’om the scintillations, thus resulting in a 
quenching eflect. I his quenching causes a lowered counting efficienev 
of the procedure. Chemical reactions between the sample and tlie phosphor 
may also result in quenching. While the use of internal standards or suit- 
able correction curves may be employed to overcome tiiis difficulty, it is 
often more expeditious to conveu't these' samples to compounds wliich do not 
cause' quenching. 

One of the sintplcst methods of conversion is the combustion of the? 
sample to produce water (sec Procedure H.I.) wliicli can be assayed con- 
veniently and accurately by liquid scinti llation counting. In the first 
experimental procedure, dried blood or tissue sam-des ai’c converted into 
water, carbon dioxide and nitrogc'n by heating witli pper and copper oxide 
at G50®C in seal('d tubes with break-off lips. 'Ilic tubes are broken in an 
evacuated apparatus and the tritiated water allowed to distill into a cold ti-ap 
containing some ordinary water wliich acts as a scavenger for tlio siuiill 
amount of triti|itcd water, 'riie water is tlicn flushed with 9b'’:» etiianol into 
a vial containing tlic scintillation counting solution and tlic racUoacti dtv 
(leterminccl. 

I lie second procctlure (H. II. ) is also based on ("(mibustion and is ( arr*ied 
out in a thick-wruled 2-liti'o flask (Sclidnigcr flask) with a suital)l(> ignition 
head fitted to a i*uhl)cr stopper, d lic dried sample in a small bag inadc of 
visking mcmbi'ane is ignited in an atmosplici*c of oxygon by means of an 
cxtei'nnlly A-ppUcil electidc cui'rcnt. .After combustion is complete, the 
liottom surface of tlic flask is placed in contact witli a fi’eczing mixtui’C of 
flry-icc, chloroform and carljon tctracliloride. 'Hie watci* vapour within 
Ilic flask t.licn fi'cezes on the bottom and 20 ml of scintillation solution 
containing 20'^;» etiianol is added and swirlcd around the bottom of the flask 
to dissolve the ice. 'I hc flask is then placed in ice water foi’ 10-15 min to 
attain a constant tcnipei'ature and a 15 -nil sample is placed in a scintillation 
vial foi' counting. 

Conversion of the tidtium in biological matci'ials into a gas is thc' basis 
of thc thii'd proccdu!*c (C). 'Tlic tritium is converted into methane' and 
hydi'ogen by heating with zinc, ni eke lie oxide and watci* in a .sealed tulu' atj 
640 C. I his mixture may be used for ion-curi*cnt measurements in the \ 
vibrating- reed electrometer and is also satisfactory for use in internal gas 
counters. . 



Materials 



A. 



(1) Tritiated th>anidi no ( 10 /jCi/rat) . 

(2) Hats (100-150 g) . 

(2) Cages. 

(4) Heparin ( 1 000 lA'.j ml) . 

(5) Petri dish. 
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(6) l5-ml centrifuge tu"be. 

(7) 5-ml sy^inge and 20-gauge needle. 

(8) 1-nil tuberculin syringe and 20-gauge needle for injection. 

(9) Scalpel, scissors, forceps. 

B.I. (1) Tritiated biological samples. 

(2) Balance accurate to l.O mg. 

(3) High-vacuum pump. 

(4) Constant-temperature water batli. 

(5) Muffle furnace. 

(6) Hand torch. 

(7) Liquid scintillation counter 

(8) Petroleum ether (for cleaning stop cocks and glass joints). 

(9) Scintillation fluid 



(a) 


PPO 


7. ; 


3 6 


(b) 


POPOP 


75 


mg 


(c) 


Naphthalene 


i 120 


g 


(d) 


Xylene 


500 


ml 


(e) 


Dioxane 


500 


ml 


96% 


ethanol. 







(11) High-vacuum stop-cock grease. 

(12) Liquid nitrogen. 

(13) 40-60 mesh copper oxide. 

(14) 40-60 mesh reduced copper. 

(15) Vacuum manifold,^® 

(16) Pyrex sample cups. 

(17) U-tube cold traps. 

(18) Drying tubes. 

(19) Combustion tubes. 

(20) Glass joints. 

(21) Distillation tubes with tops.^^ 

(22) U-tube caps. 

(23) Accessory manifold glassware.^® 

(24) McLeod gauge (tilting).^® 

(25) 5-ml calibrated pipette with control. 

(26) 10-ml volumetric pipette. 

(27) Scintillation vials . 

(28) Dewar flasks. 

(29) Rubber tubing. 

(30) Rubber tubing (high-vacuum). 

(31) Bunsen burner. 



B.n. (1) Tritiated biologica^ samples . 

(2) Liquid scintillation counter. 

(3) Laboratory transformer or induc'inn coil. 

(4) Oxygen tank with attached r*ubber liosc. 



Obt.iln»iblc 




Tixir Scientific Glxi$s Co. . 4701 West Grand Avenue. Chicago. 111,. USA. 



144 



151 



Ik 



1 



/ 



i ^ 

ERIC 



Ignition head assembly (may be purchased or can be made 
willi the following items) : 

(a) Two-hole rubber stopper to fit 2-litre thick-walled flask: 

(b) Platinum wire 22 g; ‘ 

(c) Pyrex tubing: 

(d) Hand torch, 

Balance accurate to 1 . 0 mg. 

Dry ice, chloroforni, carbon tetrachloride bath. 

Ice-water batli, 

Scintillation solution (as in Section B,I,) containing ^0% ciluinol, 
20-ml volumetric pipette plus control, 

1 5-ml volumetric pipette, ' . 

Scintillation counting vials, 

2-litre heavy-walled flask. 

Clamp to liold ignition assembTv on flask. 

2-cm-diam, seamless visking membrane. 

Haeinostat, scissors. 

Adhesive tape, 

Cellopliane tape or* cellulose cement. 

Infra-red heat. 

*I*ritiated biological .samples. 

Vibrating- reed eleetromcier , 

High -vacuum pump. 

Borkowski-iypc ionization chaml^ei’s. 

Balance accurate to 1 . 0 nig. 

M ufflc furnace. 

Hand torch. 

(B) N'ickolic oxide. 

(D) Zinc*. 

(10) Methane gas. 

(11) Pyrex !*oaction Juh(\s.^^ 

(12) Vacuum manifold.*^ 

(12) .Mcl.cod gauge, 

(I'l) Gas -collection apparatus.’^ 

(15) Pyrex tubing (for liquid samples). 

( 1 G) Small porcelain boats. ' 

Procedure 

A. Prepai*alion of iritialod biological material 

(1) liiject into a rat, intr*aperiton(*ally, approximately 1 0 ^Ci of tritiatod 
thymidine. Place the animal in a cage for 1 h. 

(2) At the end of 1 h, exsanguinate the animal eitluu* hy heart puncture 
or docapitalion, ami collect the l/lood in a hepai-inized centrifuge 
tube: also r-oinove the liver. 



“ IHlm.u Scientific Co. . 'I'tOl West Ciand Avenue. Clnca^o, 111.. CSA, 



(5) 



(6) 
(7) 
(fi) 
‘ (9) 
' ( 10 ) 
' ( 11 ) 
( 12 ) 
( 12 ) 

(14) 

(15) 
( 10 ) 
(17) 
(IB) 
(19) 

C. ■ (1) 

(‘^) 

( 3 ) 

(4) 

( 5 ) 
( 0 ) 

• (7) 
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I. Combustion to produce water !).v Cu, CuO method 

(1) Cut the fi-esh tissue into smaU^pieces and place an amount repre- 
senting 5 - 25 mg dry weight in a tared Pyrex cup. • 

(2) Dry the sample by evacuation with an efficient oil pump for 30 min 
while the sample is immersed in a water batti at about 70°C (see 
Fig. 35(b)). For drying, tube sealing and water distillation, it is 
convenient to operate with a vacuum manifold equipped with a tilting 
McLeod gauge and having six ports about 15 cm apart so that six 
samples can be processed simultantjDusly. 

(3) While drying condense the volatile constituents in a cold trap (liquid 
N 2 ) so that the radioactivity of this water can be delermined. 

(4) Weigh the cup with the dried sample and determine water of de- 
hydration by difference. Add 0,75 g of 40-(i() niesli copper oxide and 
0.25 g of 40-60 iTiesh reduced copper. 

(Copper oxide is prepared by grinding reagent-grade copper oxide in 
a mortar and pestle, or preferably in a ball mill, and taking tlie 
poi-tion which passes a 40-mesh but not a 60-mesh sieve. Tlie copper 
is obtained’by passing a stream of hydrogen through the 40-60 niesli 
copper oxide in a tube healed to 300-350°C.) 

Note: When liquid samples are being assayed (blood or tissue liomo- 
genates) the copper-copper oxide mixture is placed in the cup first 
and 0. 3 ml of tlic liquid js added to it witli sub.sequent drying from 
the frozen state. 

(5) Place each cup in a combustion tube made of 1 1 rum outer diarnetei* 
(o.d.) Pyrex ^ 1720 glass, one end of wliich has been drawn out 

to form a break tip (see Fig. 35(c)). 

(6) Constrict the combustion tube aljout 14 cm from the break -;tip end 
with a hand torch. 







0 



( > 






-PU90ER TUOING 



— COMBUSTION TUBE 

U 

break tip 



(a) DISTILLATION 



(b) DRYING 



(cJ SEALING 



FIG. ,35. Appar.itus foT tTltlum assay. 
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(7) Connect the combustion tubes glass to glass inside a ^mall piece of 
rubber tubing to tlje glass joints fitting into the manifold ports (see 
Fig. 35(c)). 

(8) Evacuate the tubes to 1 mmllg with the oil pump and seal off at the 
constriction with a hand torch, 

(•9) Heat the sealed tubes in a horizontal position for I h in a furnace at 
650 ± 10®C. 

(10) Cool the tubes, agitate them to break up any lumps of uncombusted 
carbonaceous material and reheat for a second hour at 650®C. 

(11) After cooling, connect the tubes to the distillation apparatus which 
contains 0, 10 ml of water in the U-trap (see Fig. 35(a)). 

(12) Immerse the trap in a cold bath and evacuate the system. 

(13) Close the stop cock to the manifold/ rotate the vessel holding tlTe 
combustion tube (break-tip-down) upwards around the horizontal 
glass joint,- and swing down sharply to break the tip of the coiur 
bustion tube. 

(14) Re-open the stop cock momentarily to re-establish vacuum. 

(15) Distil the Avater into the U-trap with the system shut off from the 
vacuum for 5 min. 

(16) Follow this by a 10- min distillation period with the pump connection 
open during which lime the vessel containing the combustion tube 

is heated with a Bunsen burner for 3 min. 

(17) Remove the cold bath, admit air to the system, remove the l*-trap 
and cap it quickly to prevent evaporation of tritiated water. 

(18) Transfer the contents of the U-trap to a scintillation vial with 
5.0 ml of 96®'o ethanol in t\0o portions, 

(19) Add 10 ml of scintillation fluid and determine the radioactivity in a 
scintillation counter. 



ERIC 



B.II. Combustion to produce watei' by Schdniger method 

(1) Preparation of sample holder 

(a) Cut a 5-cm long; * 2-cm 7 diam . seamless visking membrane, 

(b) Prepare a bag by folding one of the ends and sealing with a drop 
of cement or transparent tape, 

(c) Open the bag with a haemostat wrapped at the ends with ad- 
hesive tape, gum side up. 

(d) Cut the open bag into the shape of a ladle with a 2-cm "cup** 

as a sample holder. The "haridle" will serve as a fuse for ^ 

ignition and a tab by which to hang a wet sample for drying, ) 

(2) Preparation and combustion of sample 

(a) Place about 10 mg of liver or 2 ml of blood in the sample holder 
and dry under infra-red heat lamp. 

(b) Place the dry sample in the platinum basket of the ignition head 
(see Fig. 36) and fold the fuse over the ignition filament. 

(c) Fill the heavy-walled flask with O 2 and immediately stopper 
tightly with the ignition-head assembly containing the sample, 
using a clamp to hold ignition head in place. ' 

(d) Using a laboratory transformer or an induction coil, allow 

I current to flow through the ignition head until the combustion 

r of the sample becomes self-sustained. 
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(b) 



FIG. 36. Modified Schtinigcr flask and ignition heads. 




^ FIG. 37. Apparatus for analysis of gas samples. 
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(e) When combustion is completed place the bottom of the flask in 
a dry ice, chloroform, carbon* tetrachloride bath for 30 min. 

(f) At the end of the 30 min add to the flask 20 ml of scintillation 
solution containing 20% ethanol and swirl to dissolve the ice. 

(g) Place the flask in ice water for 10-15 min to attain a constant 
temperature. 

(3) Radioassay 

(a) Pipette 15 ml of the solution in the flask into a scintillation 
counting vial. 

, (b) Count the samples in a liquid scintillation counter. 



Preparation of hydrogen gas and methane (zinc fusion) 

(1) ' Prepare reaction tubes 17 cm long with a break xip from 11 mm 

Pyrex 1720 glass tubing. 

(2) In each tube place 1 . 0 g of zinc, 100 mg of nickelic oxide and 

5-6 mg of water. . 

(3) Add a 5. 0 - 10. 0 mg sample of the tritium -labelled tissue. Intro- 
duce liquid samples in a small sealed Pyrex ampoule with a break 
tip, and solid samples in a small porcelain boat. 

(4) Constrict the reaction tube and evacuate to a pressure of 1 mm on 
the manifold. ^ 

(5) Seal off the reaction tube with a hand torch and agitate until the 

■ ampoule is broken and its contents evenly distributed throughout the 
reaction mixture. 

(6) Place the reaction tubes in a furnace and heat at 640 ± 10®C for 3 h. 

(7) At the end of the 3 h, allow the reaction tubes to cool. 

(8) Place the reaction tube in the gas collection apparatus (see Fig. 37). 

(9) Evacuate the system, close off the vacuum line, and invert the 

sample chamber to break the tip of the reaction tube thus allowing 
the gas to expand into the evacuated Borkowski-type ionization 
chamber. 

(10) The fraction of gas entering the chamber Is calculated from the 
known volume of the gas-collection apparatus plus ionization chamber 
corrected for the gas displacement by the reactio'ti tube. 

(11) Fill the chamber to atmospheric pressure by addition of methane. 

(12) Measure the ion current collected at 360 V with a vibrating-reed 
electrometwr . 



I 
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Calculations 



(1) Determine the concentration (^Ci/mg) of tritium in the tissues by 
the vai^us techniques used. 

Questions 

(1) Of the methods used, which in your opinion is the most accurate 
for the determination of tritium^ 

(2) What are the advantages and disadvantages of these techniques? 

. (3) Could any of these techniques be modified and used for the deter- 
mination of ^^C? If so, what modifications are necessary? 
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12. A U TO R A DIOGR A PH Y 
Objective 

To illustrate the use of various autoradiographic procedures with 
tissue of animal origin. J 

Introduction and theory 

( 

The general concepts of autoradiography have been covered in the 
Basic Part of this book. Autoradiography provides visualization of the 
location of radionuclides within a sample. Applications range from those 
on a microscopic -level which permit study of individual cellular or sub- 
cellular elements to those on a gross scale which, for example, are useful 
for the evaluation of macrodeposition in tissues and paper chromatograms. 
Autoradiography often can provide information that is unobtainable by 
counting methods. This is especially so for heterogeneous samples that 
contain regions of interest which cannot be separated mechanically. Per-; 
haps of greatest import from the biol^ical standpoint, however, is that 
autoradiography permits the study of cellular function at the cell or sub- 
cellular level since observations can be made of 'individual cells or sub- 
cellular structures from among millions. Thus, it becomes possible to 
develop correlations between the location pattern of specific chemical 
elements introduced into the system and cytological structure,* cellular 
physiology and pathology, and physicocherrtical properties of cells. 

There are four commonly used procedures that differ primarily in the 
method Of contact between the tissue seetTon and emulsion. The first 
method, simple apposition (A), is suitable for macro-autoradiography 
only; the others (B. I.-B.ITI) can be used for m'icro-autoradiogvaphy as 
well. ' The methods are described briefly as follows. 

A. Macro-autoradiography, simple apposition method 

The specimen to be studied is placed in contact with the photographic 
emulsion and kept in contact. At the end of the exposure period the speci- 
men is removed and the film developed. This method is rapid and simple. 
However, it does not allow good resolution because of poor contact. 
Therefore, although the method is quite satisfactory for gross or macro- 
autoradiograms, it is not adequat^e for cellular localization. This proce- 
dure has been widely used in studies with bones, frozen tissue,| and paper 
chromatograms. Thin sections are not r.equired but it is advisable tQ 
have a smooth surface for good apposition to the film. Reasonably smooth 
surfaces can be obtained by the use of an ordinary band saw y/ith bones or 
frozen animal carcasses. Also, samples such as bones and teeth can be 
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polished with an emery wheel. The tissue must be placed very close to 
tlie film but direct contact sliould be avoided because of the danger of 
chemical fogging. Usually a thin sheet of plastic film is placed between 
the tissue and tlie photographic film to avoid contact, and moderate pressure 
is maintained between the section and tlie film to ensure good apposition. 

For this purpose, a p^ss of plywood or plastic with a sponge rubber liner 
has been found coiiverrtent. It is necessary to avoid excessive pressure 
^ since this may produce artifacts. 

B » Micro- autoradiography 

B. I. Mountin|j method » 

In this method the sections are mounted oh the emulsion andVemain 
permanently bound to it throughout the subsequent photographic and 
staining processes. Tlie method is simple, and the Contact, registry, 
an^ resolution are good, tlius permitting studies on the cellular level. 

Tlie autoradiogram and section are always matched. and are observed 
simultaneously wliich allows correlation between structure and photographic 
image. Care has to be taken that there is no loss of radionuclide during 
the fixation and the processing of the tissue. This method has been widely 
used for localization of in the thyroid tissue and for studying blood 
smears and'iaone-marrow smears that have been prepared by applying 
sucli samples directly to the surface of the emulsion. 

In tliis method an emulsion is stripped from its base and flattened . 
over the histological section or smear on a glass slide. The specimen 
can be stained either before contact with the film or through the film 
base after exposure. j^trStained sections .can be studied by phase micro- 
scopy. This procedure also offers the advantages of even emulsion thick- 
ness, good contact, constant registry, and exce'lient resolution. It permits 
good correlation of radioactivity with histological stVocture and has been 
widely used for detailed cvtological studies at the cellular level. 

?• method 

In this method the section is covered with a fluid emulsion which is 
allowed to harden and forms a permanent bond for subsequent exposure 
and processing. This procedure provides good contact and constant 
registry which leads to good resolution and permits satisfactory .correlation 
of radioactivity with histological structure. The technique has proven 
quite satisfactory for detailed cytological studies with various animal 
tissues and is becoming the procedure of choice in many laboratories. 

Resolution 

Resolution is perhaps the most important consideration in the prepa- 
ration of high-quality autoradiograms at tbe cellular or subcellular level. 

If there are two point sources of radiation in a sample, each will produce 
a small circle of darkening in the emulsion. If these areas overlap, it 
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TABLE VIII. CHARACTERISTICS OF SOME COMMERCIAL EMULSIONS 
RECOMMENDED FOR AUTORADIOGRAPHY 



Type 


Sensitivity 


Resolution 


Background 


Recommendation 


No*scrccn 

X-ray 


High 


Poor 


High 


Gross localization 
or minimal 
concent ration 


NTB 


Medium 


Very good 


Low 


Mounted hilto- 
logical sections 


NTB^ 


Higli for 
fi -tracks 


Very good 


Increases 

rapidly 


When t* -tracks arc 
to be observed 


Liquid 

emulsion 


High 


Very good 


increases 

rapidly 


When B-tracks arc 
to be observed 


Stripping 

film 


Low 


Very good 


Low 


Cellular 

loc.'ilization 



will be impossible to distinguish tliem in the autoradiogo'am. The greater 
the resolution, the closer together are tlie areas that can be distinguished 
from each other. In general, the follgwing conditions promote increased 
resolution: (a) Low-energy radiation; (b) Radiation of high specific 
ionization; (c) Thin specimens; id) Thin emulsions; (e) Fine-grained 
emulsions; (f) Minimum of scattering from film backing and slide; 

(g) Close contact between tlie specimen and emulsion. 

Photographic film 

Various photographic emulsions have been especially developed to 
provide characteristics of advantage for particular autoradiographic 
application. Table VIII describes some of tlie commercial emulsions now 
available with recommendations for their use. * 

Radioactivity content and exposure tinJes ^ 

In the production of a satisfactory autoradiogram there is an inverse 
relationship between the amount of radioactivity present in the tissue 
and the required time of exposure of the film. There is no set rule in 
regard to the amount of radioactivity that is required. A balanoe must 
be struck between large amounts of radioactivity that might produce 
radiation effects and srriall amounts that require unduly long exposure 
periods. In general, it has been stated that approx im at e.Lyfive to ton 
billion beta particles per square centimetre of emulsion will be sufficient 
to cause adequate blackening. With alpha particles, one to two million 
particles per square centimetre are required. For ^idance, it has been 
shown that with macro-aytoradiograms, a section hionitored with an end- 
window counter that gives a measurement of about 100 cpm at a counting 
yield of 10%, requires about a 10-15 d exposure period. In practice, the 
best way to determine the exposure times is to carry out preliminary 
investigations with graded levels of radioactivity. In this way the optimum 
exposure time can be determined. 
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Quantitation with autoradiograms 

Autoradiography is used principally to obtain qualitative ^information 
on the distribution of radioactivity in biological material. However, it can 
also provide quantitative data as to the amount of radioactivity deposited 
in particular regions. This can be done by estimation of the photographic 
density of a given region, and calibration against a film exposed to known 
activities of the radioisotope in question under identical conditions. 
Comparative quantitative autoradiography can also be done by the counting 
of the grains produced per unit area. In this procedure it is necessary 
to have a low degree, of darkening in the autoradiogram. 

Sources of error in autoradiograms 

Some of the majbr sources of error in autoradiographic procedures are: 

/ 

• (1) Removal or relocation of the radioactive atoms by biological or 

physical processes ;during the time between sampling and formation 
of the photographic limage. 

(2) Extraneous sources; of image production, such as chemically 
a.ctive subs^nces in the specimen; pressure on the emulsion; 
radioa'ctivity in the films, chemicals, or glass used in processing; 
and stray light or ionizing radiation. 

(3) Fading of the latent image or desensitization of the emulsion by 
the specimen. 

(4) Non-uniform development. 

(5) Scratches in the film; deposition of debris. 

(6) Effects of staining solution on the emulsion. 

(7) Movement of sample on film during exposure. 



Many of these uncertainties have been eliminated in the procedures 
that are described in this exercise.. It is always prudent, however, when 
making a series of autoradiograms, to. include similar samples with no 
radioactivity as a control for errors that may tend to produce extraneous 
images. 



Materials 

A. (1) 
( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 

(7) 

( 8 ) 
(9) 

( 10 ) 

( 11 ) 

( 12 ) 

(13) 



High specific activity ‘*^CaCl 2 solutibn (50pCi/ml). 
Young rats. 

Cages. 

Refrigerator. 

Darkroom facilities and safe-lights. 

Ether chamber. 

2-ml syringe and 24-gai^e needle. 

No-screen X-ray filnusl'^ 

Plywood and sponge^Fubber press. 

Cardboard X-ray film holders (cassettes). 
Developing and fixing solutions. 

Scalpel, scissors forceps. 

Thin plastic sheeting. 
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A 



B. I, 



B. II. 



( 1 ) 

( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 

(7) 

( 8 ) 

(9) 

(IQ) 

( 11 ) 

( 12 ) 

( 1 )" 

( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 
(7) 
.( 8 ) 

*■ (9) 
( 10 ) 
( 11 ) 
( 12 ) 

(13) 

(14) 

(15) 

(16) 

( 17 ) 

(18) 

(19) 

( 20 ) 



n- 



j 









) 






( 21 ) 

( 22 ) 

(23) 

(24) ' 
(2 5) 
(^ 6 ) 
(2 7) 
(28) 
(29) 

( 1 ) 

( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 



Celloidln- coated mounted sections of ^^^I-activated thyroid gland. 
Refrigerator. 

Darkroom facilities and safe -lights. ^ 

'Developing and fixing solutions. 

Clean microscope slides.* ^ 

No- screen X-ray filrn.^ 

Scissors.^ • . 

Marking pencil. " . v 

Aluminium foil, • 

Labels. 

Tape. " - • . 

Small paper clamps. 

Thyroid-gland slides- as in Psfrt B. I. 

Refrigerator. ' 

Darkroom with W ratten No. 1 filtered safe -lights. 
Autoradiographic plates, aA- 10, Kodak Ltd., England. 

Drying fan. ^ 

Time clock. 

Methylene blue. 

Azure A . 

Glycerol C . P. * ■ ^ 

Methanol C. P. J ^ 

KH 2 PO 4 . 

Na 2 HP 04 . 2 H 2 O.' ^ . 

NaHSOg. 

Basic fuchsin (aqueous). 

Absolute ethanol. 

Xylene. 

Cedarwood oil. 

Anhydrous CaS 04 . 

Canada balsam. 

Developing and fixing solutions „ 

(a) -teastman Kodak D19 diluted 1:1 with distilled water is a 
suitable developing solution. 

(b) Eastman Kodak acid fixer with hardener is a good fixative. 
Large'shallow dishes for floating emulsion. 

Slide-carrying racks with silver-plated wire handles. 

Cover slips. ' 

Staining .dishes ( 20 )>. 

Plastic slide boxes containing one clean microscope slide. 

Black friction tape. 

Wax marking pencil. • 

Labels. * 

Razor blfides. 



Thyroid -gland slides as in Part B, I. 

R^rigerator. 

Darkroom facilities as for Part B. II. 

Constant-temperature water bath. 

NTB^ liquid emulsion, Eastman Kodak, Rochester, N.Y., USA. 
Time clock. 
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' (7) r)0-ml beakers (2). 

(8^ Medicine droppers. 

(9) Drying racks (for holding slides in a vertical position). 

" (10) Absorbent tissues. 

(11) Sfireaders (raclettes). 

(12) Materials for developing, staining and mounting as in Part B. II. 



Procedure , 

i 

A. Macro-autoradiography 



( 1 ) 



( 2 ) 

(3) 

(4) 



(5) 

( 6 ) 

(7) 



( 8 ) 



Inject intraperitoneally,|nto a young rat approximately 50 ^Ci 
of a high specific activity solution of 45caCl2 and place the 
animal in a cage for 1 h. 

At the end of 1 h kill the animal ^ an ether chamber. 

Remove the femurs and split longitudinally with a sharp 

scalpel. *v I ) 

Under safe-light conditions (daAroom) obtain a sheet of no- 
screen X-ray film (approximat^y 2*0 cm X 25 cm) and cover 
it with a sheet of very thin plastic film. 

Place the pieces of*bone, c^ut side down, on the film and insert 
the film with applied bones in a cardboard film holder. 

Put the film holder in a plywood and sponge rubber pVess and ^ 
tighten the screws. ' \ 

Place the press in a refrigerator at 4°C and expose for a 
period of 48 h. 

At the end of the exposure period develop the film according 
to the directions of the manufacturer. 



B. Micro-auto radiography 



Suitable mounted sections Jor these procedures may be prepared 
by obtaining the thyroid gland of a dog 24-48 h after an injection of 0.5 to 
1.0 mCi of *^^I, inbedding it in paraffin, and cutting sections 5-10 ^m thick. 
After preparation of the mounted slides, remove the paraffin by dipping 
for 2 min in each of two Jars of xylene. Transfer to absolute ethanol 
(2 changes), dip in 1% celloidin for 30 sec, dry till tacky in vertical •• 
position and dip again in 1% celloidin. Dry the slides in a vertical position 
and store in a dust-pt'oof container (plastic slide box). 



I. ^ Mounting^ technique (direct apposition) • 

(1) Cut 2 sheets of aluminium foil of appropriate size to wrap the 

specimens. ^ 

(2) Prepare a label to mark the package. 

(3) Under safe-light conditions (Wratten No. 1) open a box containing 
pieces of no-screen X-ray film previously cut to the size of the 
mfcroscope slides. 

(4) Place the emulsion side of the film in contact with a celloidin- 
coatcd slide bearing a specimen of thyroid tissue containing 
place a second clean microscope slide^ against th’6 other side of 
the film (Fig. 38). 
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^MICROSCOPE SLIDE 
y WITH SPECIMEN 
-—NO SCREEN X-RAY FILM 
3— CLEAN MICROSCOPE SLIDE 



FIG. 38. Arrangement of a specimen and an X-ray film* 
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(5) Hold firmly and apply clamps on both sides. 

(6) Wrap twice with aluminium foil fastening edges with tape. 

(7) Place in a refrigerator at 4®C for 2-d exposure. ^ 

(8) At the end of the exposure time, develop the X-ray film according 

to the manufacturer's directions. ^ 

II.^_Striggin^ film technigue 



Let the plates 



(1) Under safe-light conditions (Wratten No. 1) outline areas of the 
emulsion about 4 cm square with a razor blade 
stand for about 10 min before proceeding. 

(2) Slip a razor blade ufider one corner of the outlined square and 
' pull upwards slowly. (This will be difficult if Ihe huniidity is 

high. ) 

(3) Float the strip of emulsion face down on distilled water at 
. 21-24®C, and let it soak for 2-3 min. 

(4) Slip a mounled slide into the water beneath the floating film and 

lift the film out on top of the slide. ' 

(5) Fold th^ free ends of the film underneath. by turning the slide. 

(6) Dry in front of a fan at room temperature for approximately h. 

(7) When slides. are dry place in a vertical position in a plastic 
slide box containing a small amount of anhydrous CaS 04 i trapped 
at one end behind a clean slide. Seal the edges of the box with 
black tape to ensure that it is light tight. 

(8) Expose for 48 h in a refrigerator at 4®C. . ‘ ^ 

(9) After 48 h, develop the slides according to the following procedure 
with the developer, wash ba'th, fixer, and wash sink all kept 
at4^C. 

(a) Under safe-light, remove the autoradiographs from the 
exposure -box and place them in a slide carrier all facing . 

' the sable way. Attach a silver-plated holder to the carrier. 

(b) Immerse in developer for 10 min, agitating lightly once 
in a while. 

(c) Rinse by dipping slowly 15 times in a wash bath. 

(d) Fix for it min, then carry to wash sink for 15 min after 
which tlrtie the* lights may be turned .on. 

(10) Staining the autoradiographs (Kingsley - basic fuchsin). 

Staining dishes and their contents are cooled to-4®C and main- 
tained at this temperature in an ice water bath. 

(a) Stain the section#«5 min in a mixture of methylene blue and 
azure A according to Kingsley (1936): ' ' 
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Methylene blue 
Azure A 
Glycerol C . P. 

CH 3 OH C 
Distilled HoO 
Phosphate buffer pH 6.9 



0 . 065 g 
0 . OIU g 
5. 0 ml 
5. 0 ml 
2 5.0 ml 
15. 0 ml 



Composition of buffer; KHol‘X).j 



9. 078 g 
11. 876 g 
1 . 0 litre 



NaoHPQj ■ 2H.p 
HoO 



.(b) Rinse in distilled water. 

(c) Destain 5-8 min in 0.05% aqueous NaliS 03 until the emulsion 
is clear. 

(d) Wash 2 min in distilled water. 

(e) Counterstain 10-15 min in 0.05"o aqueous basic fuch.sin. 

(f) Remove excess stain in absolute ethanol. 

(g) Dehydrat^ 5 min in cold absolute ethanol. 

(h) Carry through two other ethanol baths, 5 min each, at 

; room temperature. 

( 11 ) Clearing and mounting. 

/ (a) Transfer slides to a 1:1 mixture of ab.solute ethanol and 

' cedarwood oil. Leave until the emulsion is entirely clear 

(5-15 min). 

(b) Drain off the excess and transfer to pure cedarwood oil 

' (1.5-2 h). 

(c) Drain excess oil and place in a 1:1 mixture of xylene and 
Canada balsam (2-3 h). 

(d) Apply a cover slip with a liberal amount of Canada balsam 
dissolved in xylene. 

jn. ^poatinj; by tlie smear -dr ip method or by the dipping technique 

For these procedures NTB^ liquid emulsion, Eastman Kodak, Rochester 
N. Y. , USA, is required. 

(1) Under safe-light conditions (Wratten No. 1) fill two 50-ml beakers 
with liquid emulsion and maintain in a water bath at ^ 0 ‘'C. 

^ (2) Take one thyroid-gland slide and dip it in the melted emulsion 

for 1-2 sec. 

(3) Allow the excess emulsion to drain into the container. 



E 



n 



4.5 cm - 



SPREADER 




^MICROSCOPE SLIDE 
50-100 DEEP 



FIG. 39. Spreacler for application of.a liquid photographic etimlslon. 
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(“1) Wipe iho back of the slide with an ab.sorl)Oiu tissue, 

(5) IMaee the slide on a clryin^^ rack for !U) min. 

(G) If spi’caders (raclettes) (see l■'i^^ 3b) are availal)le, j) recced as 



follows: 

(a) b^rorn the second l>eaker i)ick up som emulsion with 




emulsion with 



the niodieine dropi>er. ^ 

(b) IMaee four drops of emubsion at the inside end of one of tin* 
tbyroid-^daiul slides. 

(c) ‘Take the sj)reader and gi-asp firmly at both ends wiili iho other 
hand. 

(d) IMaee it gently on the slide behind the emulsion layer. 

(e) Carry it outward slowly, thus coating the slide evenly wiih 
1 00 nni of liquid emubsion. 

(f) IMaee the slide vertically on a folded piece of absorbent tissint 
and allow the excess emulsion to drain off (3()*-'lU sec). 

(g) Place in a drying rack, emulsion face out. Leave for 30 min. 
(7) ICxj^osure, developing, staining, an<l mounting pi’ocodnres are 

followed according to Section H. II. 

Examination of autoradiogi-aphs 

Examine with microscope stage in hori/ .lUal i)osition. 

(a) L.ook for definition of contact, coated, and strip-film i)reparations. 

(b) Examine for background and size of grain, 

(c) Examine for ariiTa^'ts (chemical or mechanical fog, leaching, 
wrinkles, air bubbles),* 

(d) Compare distribution and intensity of the autoradiograplii recoiai 
ovei* differetU cells of the various sections, 

(e) Compare (piality of staining with diffeVent autoradiographic 
procedures and differenbemulsions. 

(f) IM’epare a repoi’t of your activities and observations. . 



WXiTR-S, TLchniijiius ‘of Aiiior.idio^r.iphy, I'lscvicr Piihlishiny (roinp.iiiy (b'tw). 

UOTH, 1.., STt^MPF, O. , Autnradio^’.cipliy of Diffusible Subsi.inces, Academic I’rcss ( IPO*.'). 
GUDK, W. , Autor.idioy.iaphtc Techniques, Pienticc-Uall ( 100*^), 



13. Acu'd*: i*:iMM':c‘rs or hadia'imon ox bin: ha i’ 

Objectives 

(1) 'bo observe irradiat ion- induced changes in the blood and other 
tissues of the rat, 

(2) To follow the pattern of the acute radiatio!i syndrome by comparison 
of unirradiated (control) rats with rats exposed to 700 H of X- or 
gamma rays. 
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WHITE BLOOD CELLS (LYMPHOCYTES I 

WHITE BLOOD CELLS (GRANULOCYTES) 

PLATELETS 

RED BLOOD CELLS 




/ 



FIG. i(>, Lffcct of irr.'ulianon on formed biotxl clenu-niv. 



Introduction and theory 

It has been recognized since earliest times that ionizing radiations 
produce deleterious changes in living tissues. Tlie term "acute radiation 
syndrome" has been given to the collective effects which are seen in mam- 
mals following doses of X- or gamma - radiation which are of tlie order of 
the I^D^Qy.jQ (the dose of radiation that will kill SOTo of those individuajs 
exposed witliii. ''irty days of exposure). 

Th6 acute raciation syndrome may manifest itself in three different 
ways-depending upon the dose of radiation received. Wlien the whole-body 
dose received is of the order of 200-800 H, the "haemorrhagic syndrome" 
occurs. This terminology is used because most of the pathologic effects 
are seen in the blood anJ blood- forming organs. In general, the patlio- 
genesis is as follows. Within tlie first 24 to 48 h after exposure tlie lymplio- 
cytic cells drop markedly to 0-10% of thei^ normal value. *riie granulocytes 
usually show a transitory rise in tlie number of circulating cells followed 
by a gradual drop to approximately 25% of their noripal value in 1 to 2 w'eeks. 

Platelets and red blood cells sliow more latent changes due to tlie longer 
life-span of these elements. A gradual drop in the number of circulating 
red blood cells begins about 2 weeks after exposure with the most severe 
anaemia occurring at 3 to 4 weeks post-exposure. If the animal recovers, 
the blood cells begin a slow rise approaching normal values in G months to 
-2 years. However, they may never regain the pre- irradiation levels. 

Figure 40 summarizes the effects on the formed elements of the blood. 

Clianges in the bone marrow can be seen within 1 hour after exposure 
and are manifested by a decrease in the number^of e rythroblasts. After 
9 or 10 days, the marrow cavity is virtually devoid of cells and contains 
a gelatinojJS'mass with a few fibroblasts, blood vessels,* and reticular 
fibres as the only vital elements. If the animal survives, regeneration 
begins with the development of foci of prim^itive myelocytes and erythroblasts 
about the reticular elements; eventually, the marrow may be completely 
reconstituted. 
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Fatalities from the haemorrhagic syndrome usually occur about the 
10th to the 14th day after exposure due to the profound bacteraemia that 
ensues when the granulocytes drop to their lowest values. 

Hadiation levels ranging from 1000 to 1 0 000 It w'hole-body dose lead 
to tlie* "gastro-intestinal syndrome". 'Hiis syndrome is characterized by 
nausea and vomiting beginning w ithin a few* hours of exposure. Vomition 
is followed by a haemorrhagic diarrhoea which leads to a severe dehydration. 
Death usually occurs in 3 to 4 days. 

The explanation for this three- to four- day survival is that division 
of the epithelial cells of the gut is inhibited and as the cells die (in the course 
of about three days) no replacement occurs. The absorption of foodstuffs 
is impaired, dehydration occurs as a result of diarrhoea, the resistance 
to bacterial invasion from the gut is abolished, and a fatal bacteraemia 
ensues. 

If the dose received is in excess of 10 000 H total body dose,. death 
occurs within twenty-four hours and the "central nervous syndrome" is 
exhibited. The victim usually becomes comatose within 15 minutes of ex- 
posure. Brain damage may be a direct result of the radiation or secondary 
to’ vascular destruction. 

In this exercise an attempt will be made to produce the haemorrhagic 
syndrome in a group of rats. Ho^vever, bearing in mind the large species 
and individual variations, the gastro-intestinal syndropae may also be pro- 
duced in some animals. 

Materials 

(1) 2 00 kVp X-ray machine or 50-100 Ci ^^Co source. 

(2) Mature rats. * ' 

(3) R- chamber or other suitable dosimeter. ‘ 

(4) Rat scale. 

(5) Balance accurate to 1 mg. 

(6) Bight microscojie. 

(7) Microcapillary centrifuge. 

(8) EDTA. 

(9) Turk solution (for WBC) 

\ (a) Glacial acetic acid 

(b) DisUlled HoO 

( c) Gentian violet 

(10) Hayem solution (for RBC) 

(a) NaCl 

(b) NaoSO^j 

(c) iigdio 

(d) Distilled lUO 

(11) Wright's stain powder 

(a) Wright' s stain 

(b) Methyl alcohol, absolute 

(12) Immersion oil. 

(13) Xylol. 

(14) Ether chamber. 

(15) Disposable spot plat^es. 

(16) Microscope slides. 

(17) Glass rods (for use us droppers). 



7.5 ml 
500. 0 ml 
1 crystal 

0 g 
10.0 g 
1.0 g 

400. 0 ml 

0.2-0. 3 g 
1 00 ml 
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(18) WBC pipettes. 

(19) RBC pipettes. 

(20) Haemocytometer (blood-cell counting chamber). 

(21) Microhaematocrit (blood-cell counting chamber). 

(22) Rubber tubing and mouthpieces (for blood pipettes). 

(23) Micro-liaematocrit reader. 

(24) Dissection kit. 

(25) Cotton sponges. 

(26) Surgical scissors, 

(27) Rat metabolism cages. 

Procedure 

A. Procuring blood: preparation and counting of blood samples 

% 

(1) Anaesthetize a rat in an ether chamber. 

(2) When animal under anaesthetic, draw blood as follows: 

(a) Swab the tail with a sponge moistened in xylol. 

(b) Immerse the tail in warm water for 30 sec and gently dry 
with a sponge or paper tissue, 

(c) Sever the distal (1-2 mm) tip of the tail with a single incisive 
cut from sharp scissors. 

(d) Discard the first two or three drops and then let 3 to G drops 
of blood fall into a disposable spot-test plate containing RDTA 
(anticoagulant) and stir gently. 

(3) Place the animal back in its cage. 

(4) Prepare blood slides as follows; \ 

(a) Place a small drop of blood about 2 cm from the end of a clean 
microscope slide.. 

(b) Using a second slide as a spreader, hold the end of the second 
slide at an angle of 45° or more against the surface of the slide 
containing the blood and ahead of the blood drop. 

( c) Back the spreader into the blood and push it slowly and smoothly 
in the opposite direction across the surface of the slide producing 
a thin smear. 

(d) Label the slide and set it aside to dry. ' 

(5) Fill a WBC pipette exactly to the 0. 5 m^rk. Promptly place the 
tip of the pipette into the WBC dilution fluid (Turk solution) and 
slowly fill to the 11 mark. 

(C) Holding the pipette by the ends between the thumb and middle finge^, 
shake for about 1 min to disperse the cells and set the pipette aside 
, horizontally. 

^ (7) Repeat the procedure with an RBC pipette, using Hayem* s solution 
as diluting fluid and filling to the 101 mark. 

(8) Fill two micro-haematocrit capillary tubes about 3/4 full with 
tail blood and seal the empty endAvith the Bunsen burner. 

(9) Spin down the samples and determine the haematocrit. 

(10) Determine the total leucocyte count as follows; 

(a) Place the counting chamber (haemocytometer) in a horizontal 
position with'the cover slip in place over the ruled areas. 

(b) Shake the pipette 2 min and discard 2 or 3 drops. 
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( c) Fill the charr*ber immediately by placing a finger over the upper 
end of the pipette and, while holding it almost horizontal, touch 
the tip to the ruled area at the edge of the covei^slip. Slowly 
release the finger and allow the fluid to fill the space under 

the cover slip by capillarity. Do not overfill. 

(d) Allow 1 min for the leucocytes to settle, 

( c) Count fouri?corner groups of sixteen squares under Ipw power 
(see Fig. 41). Include in the count the cells falling on the upper 
or left sides of the square but omit those falling on the lower 
or right borders. 

(f) Tlie sum of the number of cells counted in the four squares, 
when multiplied by fifty, gives the total leucoc}'te count per 
mm^. 
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W - AREAS TO BE COUNTEO UNOER LOW POWER 
(xlOO) FOR LEUCOCYTES tWBC) 

R » AREAS TO BE COUNTEO UNOER HIGH POWER 
(x«0)FOR ERYTHROCYTES (RBC) 

FIG. 41, Chamber for counting cryilirocyics and white blood corpuscles. 



(11) Determine the total erythrocyte count as follows: 

^ (a) Fill the counting chamber in the same way as was done for 

the white cell count. 

(b) Count only thefour cornej’squaresandone centresquare inthe centre 
block of 25 squares (Fig. 41). Use high power. The sum of 
the number of cells counted in the five squares, when multi- 
plied by 10 000, gives the total erythrocyte count per mm*. 
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(12) Stain the smears for differential count as follows; 

(a) Place the smears liorizontally on screening or corks. 

(b) Drop Wright' s stain on the slides until the entire surface 
^ is flooded and let stand for 3 min. 

(c) Add an equal amount of distilled water and mix by blowing 
very gently across the surface. I^iCt the preparation stand 
for 9 min. 

(d) Wash off the stain by running a stream of HoO directly into 
tiie centre of tlie slide. 

(e) Allow smears to air dry. 

(13) Inspect the slides under high-power objective to locate the best area V 
to count. 

(14) Add a drop of immersion oil and switcli to the oil-immersion » 
objective. 

(15) Count 100 leucocytes and report percentage of lymphocytes and 
percentage of granulocytes. Count 100 consecutive white cells 
following parallel horizontal tracks across the/slide. 



n. Irradiation studies 



„(7 

Hepor 



(1) Obtain blood values (haematocrit, RBC. WBC, differential) on 

four numbered' rats. \ . 

(2) Determine the dose-rate of the X-ray machine or gamma-ray 
source with an R-chamber or any other suitable dosimeter. ^ 

(3) Irradiate two of the rats with a dose of 700 r" total body of X- or 

gamma radiation. ^ 

(4) Confine all four* animals in metabolism cages and keep daily re- 
cords of body weight, .water and feed consumption; and gross 
clinical observations such as diarrhoea, shaggy coat, irritability, 
etc. 

(5) Obtain blood values every other day for a week and then twice a 

week for tlie next two weeks. \ 

(6) Autopsy all animals dying during' the course of the experiment. 

(7) At the end of tlie 3-week period, sacrifice all remaining animals 

in an ether chamber and perform a complete autopsy noting any 
differences between tlie Organs of irradiated and control animais, 
e. g. weight, haemorrhage, etc. \ 



porting of results 



(1) Prepare a graph of the blood changes in the irradiated rats over ‘ 
the experimental time period plotting % of normal values versus 
time as the abscissa. The mean blood values of the controls mav 
serve as the normal values. 

(2) List any differences noted between the organs of the irradiated 
and control animals and give your ideas as to the pathogenesis. 






Questions 



\ 

(1) Do you consider that the dose given to these animals exceeded 

the LDr^o /30 for the rat? , 

(2) What tissues are most susceptible to radiation injury? 
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(3) What tissues are least susceptible? 

(4) Can you formulate a hypothesis relating the rate of multiplication 
and degree of differentiation of a tissue to radiosensitivity? 

(5) One school of thought feels that all tissues are equally sensitive 
to radiation damage, From your observations, either support or 
refute this theor>\ 

I 
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14. PREPARATION OF A PLASMA PROTEIN TRACE- LABELLED 
WITH RADI010DINT3 

3 

Objective 



To demonstrate a simj^e technique for the in-vitro labelling of 
proteins with radioiodine. 

Introduction and theory 
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Proteins containing radionuclide.s can*be prepared by biological 
labelling, i. e. by the administration to an animal, microorganisms or 
cell culture of a suitably labelled amino acid which is then incorporated^ ^ 
into protein during the normal synthetic processes. Proteins tagged in 
this way*might appear to be the most desirable materials for many bio- 
logical investigations, being completely native. The method has, however, 
two limitations: (a) because of the lack of specificity in the incorporation 
of the labelled amino acid, the particular protein required usually has to 
be separated from a mixture of similarly labelled materials; (b) the specific 
activity of the final product is likely to be low. 

An alternative to biological labelling is to tag the protein in vitro by 
attaching a foreign radioactive titom. The most successful application of 
this method so far lias been the preparation of proteins tagged with radio- 
iodine, If suitable precautions are taken during the labelling with respect 
to the conditions and tlie amount of iodine introduced, tagged proteins of 
very high specific activity whicli are biologically indistinguishable from the 
naturijl protein, can be prepared by this method. It lias been shown that 
the- iodine label remains firmly attached to the protein under physiological 
conditions and is liberated only when tiie protein molecule is degraded. 

The method described below for trace- labelling depends on treating 
the protein, in slightly alkaline solution, with iodine monochloride to 
which has been added the radioactive iodine as carrier-free iodide. 
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The preparation is one of tagged rabbit-serum albumin which is suitable 
for use in Exercise but the method is general and can be appropriately 
modified for the production of other labelled plasma proteins in different 
amounts and with different specific activities, % 



(1) Carrier-free radioiodide isoj) ^j'^is p'reparation must be 

free from reducing agents, 

(2) Iodine monochloride; a solution containing 0, 42 mg I/ml as ICl 
in molar NaCJ and approximately 0, OIN with respect to HCl, 

(3) Buffers: 

Glycine buffer A — 9 ml molar glycine in 

0, 25M NaCl + 1 ml N NaOH 
Glycine buffer B - 8 ml molar glycine in 

0, 25M NaCl.+ 2 ml *N NaOH, 

(4) Gel-filtration equipment and sephadex (see Exercise 6) or dialysis 
tubing. 

(5) An approximately 2% solution of rabbit serum albumin. 



(1) Place 4, 0 ml of 2% rabbit serum albumin solution in a 100-ml 
conical flask and add 2. 0 ml of glycine buffer B, Steps 2-4 are 
to be carried out in a ventilated fume hood, 

(2) With a long-barrelled teat-pipette transfer approximately 1 mCi 
of carrier- free iodide solution to a tube containing 1. 0 ml of 
the ICl solution and mix. 

(3) With the same pipette add the now labelled ICl solution to a tube 
containing 2. 0 ml of glycine buffer A, mix and immediately add 
the whole solution to the albumin preparation in the conical flask, 
Tiie iodinating mixture should be jetted into the protein solution 
from the teat pipette and the flask swirled using a remote-control 
clamp at the neck. 

(4) Allow a few minutes for the iodination to be complete and then add 

’carrier" protein, e, g, freeze- dried bovine serum albumin, to 
bring the specific activity to less than 5 pCi/mg. This reduces 
the risk of radiation decomposition. 

(5) Remove unbound isotopes from the preparation either by gel fil- 
tration (Exercise 6) or by dialysis for at least 48 h against a large 
volume of physiological saline. 

(6) After dialysis or gel filtration check the proportion of unbound 
activity in thp preparation as follows; Place one drop in a 15-mJ 
graduated conical centrifuge tube, add one or two drops of serum 
or similar protein solution to provide more carrier and make up 
to 5 ml with water. Add 5. 0 ml of 20% trichloracetic acid, mix 
thoroughly and centrifuge. Remove the supernatant carefully with 
a teat pipette and retain it. Disperse the precipitate in a few 
drops of water, dissolve it by the addition of dilute NaOH and 
finally make up to 10 ml. By means of the well-type counter 



Materials 



Procedure 
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compare the total ra^ioa^ivity of the supernatant (unbound 
activity) with that of the dissolved precipitate solution (bound 
activity). For many experiments it is desirable tliat tlie unbound 
activity should be less than of tlie bound activity. 



Notes 

t 

A. Uses 

The tagged I’abbit- serum albumin pi'epared in tliis exercise can be 
used in various ways, e. g. in tlie measurement of plasma volume in rabbits 
(cf. Exercise 2); in the measurement of catabolic rate of serum albumin 
(Exercise 16); as a. labelled antigen in immunological studies. 

B. Quantitative aspects of the labelling \ 

It is usual to aim atja trace- labelled preparation containing an average 
of 1/2 to 1 atom of iodine per molecule of protein; the amount of Id solu- 
tion used is adjusted accordingly. With the quantities described above, 
one would obtain the incorporation of about 2 atoms of iodine per molecule 
of albumin assuming 100% incorporation. In practice, albumin gives usually 
30'40% incorporation of iodine under tliese conditions, so the level of 
iodination is likely to be acceptable. The amount of isotope added to the 
preparation can be varied to give preparations of any desired specific 
activity. 

C. Potential health hazards 

Since iodine isotope.s* will tend to concentrate in the thyroid, it is 
important that the precaution of carrying out certain stages of the prepai*a- 
tion in a hood be strictly adhered to in case there is any ingestion or in- 
halation. Periodic checks on thyroid activity of the workers involved is 
recommended. 



B I B L I O G U A P II Y 

MacFARI.ANE. A.S. , Naiurc. Lond. m (1963) 63. 

VOGEL. A. I.. QuantitaUvc Inorganic Analysis. 2nd cdn (1951) 3GC. 

PULLMAN. T. , Handbook of Expcrimcntai Immunology, rii. 17, Blackwell Sciciuific hiblicaiion? , 
Oxford and Edinburgli (19C7). 



15. MEASUREMENT OF THE CATABOLIC RATE OF PLASMA ALBUMIN 
IN RABBITS 



' Objectives 




(1) To illustrate the use of trace-iodinated proteins in turnovei* studies. 

(2) To compare the cataboliq rate for plasma albumin in a nonnal 
rabbit witli that in a fluke-infected '^ne. 



Introduction and theory 



The amount of any plasma pi'otein in the body at a given time represents 
a balance between synthesis and catabolism. When a reduction occurs in a 
body pool of protein, it is important to know whether tliis is due to a sub- 
normal synthesis, an increased rate of catabolism or both. Proteins trace- 
labelled with radioiodine are particularly suited for the measurement of 
catabolic rates because there is no re-utilization of the label once the protein 
has been degraded. Provided the thyroid of the experimental animal is 
blocked by the administration of stable iodide, the label from degraded protein 
is excreted largely in the urine. In practice a sample of the labelled protein 
is injected intravenously and the plasma volume determined by applying the 
dilution principle. Blood samples are collected daily and gomplete 24-h 
collections of ui*ine and faeces made over a period of 7-10 d. After counting 
suitable samples of urine, faeces and plasma the fractional catabolic rate 
(K), i.e. the fraction of the total intravascular pool degraded during 24 h, 
is calculated by dividing the total excreted radioactivity over that jjeriod by 
the total intravascular activity at the beginning of the collection period. 

It is instructive to measure K in a normal rabbit and in a rabbit showing 
hypercatabolism of albumin, e.g. a rabbit infected with Fasciola hepatica. 

Materials 

(1) Babbit serum albumin trace-labelled with radioiodine. The material 
prepared in Exercise 15 should be suitable. 

(2) Babbits: a noi*mal rabbit and one infected at least eight weeks 

previously with E. hepatica. 

(3) Metabolism cages for rabbits. 

(4) A solution containing 0.005% Xal and 0.47% NaCl. 

(5) Syringes, needles, etc. suitable for intravenous injection of rabbits. 

(6) Micro-pipettes, e.g. |’auto-zero” tyjie, to measure volumes of 
0.20 ml. 

Procedu re 

(1) . Establish rabbits in their metabolism cages at least 3 d before the 

injection and replace drinking water by the iodide/saline solution 
described in (4) above. This substitution is maintained throughout 
the experimental period. 

(2) Prepare the ^bbit for injection and bleeding by shaving the hair 
above the marginal vein of both ears. 

(3) Inject 4-5 ml of the labelled albumin solution into the marginal 
vein of one ear of the rabbit and note the time-of injection and 
prepare a standard by diluting about 1 ml^^ of the labelled albumin 
to 20 ml with diluted NaOH. 






It is much more accurate to measure the amounts of labelled albumin injected and used for the standard 
by weight rather than volume. This is easily done by weighing the syringe full apd again after delivering either 
into the rabbit or the volumetric flask used for the standard. 
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/ (4) I"ive minutes after. the injection collect 'a’heparinized blood ^ample 

V (3-5 ml) from the marginal vein of the ear not used for injection. 
Collect a further blood sample at the same time each day for a 
period of 10 d» - 

(5) Separate the plasma from eacli blood sample by centrifugation* 

(6) IVIake complete 24-h collections of i^rine and faeces starting at the 
time of the first blood sample and continue daily throughout the 
experiment. 

V 

Preparation and counting of samples 

(1) Pipette into counting tubes duplicate 0.2 ml-samples of the plasma 
obtained 5 min after injection and make up to the standard volume 
for counting (say, 5 ml) ^vith approximately 0.01_N NaOH. For all 
later plasma samples, 1.0- ml lots are made up to 5 ml as above. 

(2) Measure out duplicate 0.2- ml samples of the standard and make up 
for counting in the same way. 

(3) Weigh the total collection of faeces for each 24-h period, spread the 
pellets on alarge sheet of paper, mix thoroughly and collect at random 
in counting tubes triplicate 5-g samples. With a glass rod pack 
these down to the appropriate volume for counting, e. g. 5 ml. 

(4) Measure the volume of urine in each collection, make up to a round 
figure with water and pipette out in duplicate suitable aliquots for 
counting. * 

(5) Using the well-type counter, determine the net counts per minute of 
all the plasma, urine' and faeces samples. If they are not all 
counted 'at the same time, remember to repeat the counting of the 
standards on each occasion where counts are being made so that 
appropriate corrections can be applied for decay and variations in 
sensitivity of the counter. 

Calculations 



(1) From the cpm/ml of the standard solution, the weight of labelled 
albumin solution used in preparing the standard and the weight of 
labelled albumin solution injected into the rabbit, calculate the' 
total activity injected in counts per minute. 

(2) Calculate the plasma volume of the rabbU as follows: 

^ total activity injected (cpm ) 

P cpm/ml plasma 

h. 

(3) Taking the activity per millilitre of the 5-min plasma sample as 
unity, express the activity of the later plasma samples as fractions 
of it and then plot the plasma activity against time as abscissa on 
semi-log paper. Compare the curves obtained from the normal and 
infected animals. 

(4) For each 24'h collection period calculate the total activity F 
excreted in the faeces, and the total activity U excreted in the urine. 
From the plasma volume and the cpm/ml plasma at the beginning 

of each collection p>eriod, .calculate the total plasma activity P. 

The fractional catabolic rate K is then given by K = (U +F)/P. 
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(5) Calculate K f'or each 24-h period throughout the experiment and 
compare the mean value for the riUrnpal rabbit with that for the 
Infected one, 

Q^estions^ 

(1) Why is it apparently satisfactory in this experiment to calculate the 

plasma volume from the activity of a single post -injection sample 
(cf. Exercise 2)? ^ 

(2) What factors are likely to cause the day-to-day varia^tlons of K 
determined as above? 

(d) What will be the effect on the i*esults of a significant change in 
plasma volume during the course of the experiment? 
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16. MEASUnEMFCNTS OK THE SPECIFIC ACTIVITY OF EXPIIIED COo 
AFTER ADMINISTRATION OF ’^C-GLUCOSE TO RATS 



J 
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Objective 

To compare the utilization of ’^C- glucose In fasted and non-fasted rats 
by measuring the Incorporation of '‘‘c into COo and by determining the 
distribution of ^^C In the tissues. 



Procedure 






(1) Fast a rat for 24 h. 

(2) Inject a rat Intraperitoneally with 1 ml of a uniformly labelled 
’‘t-glu cose solution. 

(a) This, solution should contain about 6 uCi and 1 g glucose 
per millilitre; 

(b) At the time of dosing apply a sample of the dosing solution to 

filter paper and run the chromatogram. ' 

(3) Place the rat in the metabolism chamber and measure the CO 2 } 
'&nd ^^02 output. Add 35 ml of hyamine solution to the gas- washing 
bottle before starting the measurement. 

(4) After the peak of activity has passed, remove the animal from the 
chamber and sacrifice with nembutal. 

(5) Pipettb an aliquot (2-5 ml) of the hyamine solution from the gas- 
washing bottle into a counting vial and add 15 ml of scintillation 
fluid. 

(6) Count in the liquid scintillation counter making all corrections 
needed. 

(7) Repeat this procedure with the non-fasted rat. 

(8) Compare: (a) time of peak; (b) overall specific activity; 

(c) total output. 
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17. AN OXIDATION- TECHNIQUE FOR PREPARATION OF LIQUID- ^ 
SCTNTIL.LATION SAMPLES 
/ 

Objective 

To demonstrate the preparation by the bomb-combustion technique of 
samples for determination of content. 

Procedure ^ 

Dose each rat with 5.0ju‘Ci of uniformly ^‘^C-labelled glucose about 2 h 
before the experiment is to begin. At the end of this period sacrifice the 
animals by an overdose of nembutal and take the following tissues for analysis: 
blood (be sure to heparinize the syringe), liver (blot carefully to remove 
excess blood), and a piece of muscle. Place the tissue in a bag made up of 
dialysis tubing and dry under a heat lamp. The bag and contents sliould 
weigh not more than 300 mg wet weight. 

The procedure for combustion is as follows; 

(1) Vlace the bag in the sample basket of the flask, making sure that 
the. black mark on the bag is plainly evident. 

(2) Grease the stopcock of the flask with apiezon grease. 

(3) Gas the flask with oxygen for 2 min, 

(4) Place the sample container firmly on the flask. 

(5) Place the flask in a dry-ice acetone bath for 30 sec. 

(6) Remove the flask from the bath and place in the combustion chamber. 

(7) . Carry out combustion by means of infra-red lamp. 

(8) As soon as the combustion is complete remove the flask from the 

chamber and place it in the dry-ice bath; leave it for 1 min. ' 

(9) Remove the flask from the ice bath and add 15 ml' of the 

ethanolamine^^ absorbing-counting solution'to the side arm of the 
flask. ^ .. 

(10) Allow the counting solution to dr&in into, the flask until air is heard 
running out; turn off the stopcock and allow the flask to set for 

30 min at room temperature (swirl the flask frequently). 

(11) Remove two 5 -ml aliquots of this material and place in scintillation 
vial.s for delerpiination of activity. 

Calculations 

\ 

Calculate per cent of dose per'^gram or millilitre of tissue. 






^ Ethanolaminc Is an efficient and Inexpensive trapping material and does not Intedere with the liquid> 
scintillation process. A solvent mixture containing ethanolaminc. ethylene glycolnu^omethyl ethecand 
toluene in a ratio 1 : B: 10 by volume )]as been found to be 'most suitable. .The use of cthar^rlamine-ethylcne 
glycol hu^omethyl ether was required to facilitate the solubility of ethanolaminc ip^tolucne. For this system 
5 to 6 g of PPO/litr^ Is required. 
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1«. DJCTl-.’MMINATION OK TOTAL.- BODY WATKH 



Tlie determination of total-body water volume in vivo is of interest in 
many studies, Alan\ tracer’s have been used, but the most coninion is 
tritiated water or TllO f^HOM), * Tjio experimental method is simple and a 
classical example of tr'acer dilution. 



Materials and equipment 

(1) Tritiated water - high specific activity; 

(2) Kxperiniental animals (dog, goat, slioep, i-abhit, etc.); 

(2) l.dquid scintillation counter; ‘ 

(4) Pliysiological saline. 



I’i’ocedu I'e 



( 1 ) 

( 2 ) 

( 3 ) 

(•i) 

(5) 

(6) 

( 7 ) 



(«) 



( 9 ) 

( 10 ) 

( 11 ) 



The tritiated -water dose to the animal shouUl be appi-oxi m.-iti'ly 
5 mCi per 100 kg body weight. The specific activity should l)e 
approximately 5 mCi/ml, 

Pipette the dose into a polyethylene beaker. Pipette ap aliquot of 
tlie dose into a liquid scintillation vial. 

Take up tlie dose into a syringe (10-25 ml volume). 

Wash the beaker with 1-2 nil of physiological saline and take up in 
the syringe. 

Repeat the washing process 2 - 3 additional times until it is assured 
the entii'e dose is in the syringe. 

An indwelling jugular cannuld may be inserted into the jugular vein 
of the animal. A "Tee" syi’inge fitting may be adapted and a syi-inge 
with physiological saline attached to one connection. 

Attacli the syringe, containing the TllO to the other "Tee" connection 
and inject into the animal. Wash the dose syringe with saline from 
the otlier syringe and inject into the animal. Repeat until it is 
assured that the entire dose has been delivered intravenous Iv. 

Take blood samples at 5 min, 10 min, 30 min, GO min, anc(\2 h, 

3 h, 4 h and 6 h after administering the dose. (If possible co^itinue 
sampling for 2-3 days. The animal must be cn 'll: constant 
water i ntake . ) 1 

Treat tlie blood samples as in experiment 12 for Conversion to water 
and count in a liquid scintillation counter. Count! the dose aliquot. 
Plot the specific activity versus time on semi-log graph paper. 
Extrapolate tlie straight-line portion of the curve tlu’ough the last 
3 or 4 points to zero time. 

Calculate total- body water in the animal by ! 



Total-body water 



aQ(cpm /ml 



where r^^^^ = net count rate of injected dose 

= extrapolated value of specific activity at 
zero ti me . 



a 



a 



(12) What is the* biological half-life of watei' in the animal'^ C'alcnlate 

^ the turnov(*r I'ate. ' 

(13) Calculate total- body fat by the assumption that total -body wateu* is 
73. 2% of the fat- free body weij^h't. 

(14) Consider all sources of error In the e*Npe ri ment . 
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19. DETEHIUINATIOX OF TOTAL-BOI^V SODIUM A\D FXCIIA.NGl'AH M ' 
SODIUM IX THF HAT / 

Introduction 
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'• Total -body sodium (Na^) may be determintjd in vivo by neutron activation 
of to ^"^Na and sub.sequent whole -body counting. Exchangeable sodium 

(Naj.) may be determined independently in vivo by tracer dilution using 
(or ^^Na). Total-body sodium must* by definition be greater than exchangeable 
sodium. Na^ represents the osmotically active Xa in the body, principally 
in extracellular fluid, and usually Na^j/Naj will be about 0.8. There is a 
"non-exchangeable" pool of sodium principally in the skeleton and this is a 
function of age and' body composition. This exercise* is included to demon- 
strate the techniques to measure these jrarameters in vivo. 

A. Determination of total-body sodium 

Materials and equipment 

(1) Rats 

(2) Reactor or neutron soui'ce capable of p!*oducing tiierinal flux at 
least 10^n/cm“ sec 

(3) Nal(Tl) scintillation crystal-spectrometer 

(4) Rat holder and. rat phantom. 

Procedure 



(1) Weigh tlie rat. 

(2) Construct a rat holder- of lucite or perspex similar to that shown in 
Fig. 42. Cylinders of different diameter* may be used for* rats of 
different weight , 

(3) Rat is inserted head- first and secured by a wad of kloenex and tape. 

(4) Prepare a rat phantom from a polyethylene bottle selected to be as 
.. identical as possible in size and shape to the rat holder. 



179 



172 



t 







<ZD 



POLYETHYLENE 
BOTTLE 



FIG. *12. holder and rai phantom. 



(5) Add to the rat phantom an accurately weighed amount of \aCl, 
approxitnately li g. l-’ill with distilled water and seal. 

(6) Irradiate the rat to the thermal neutron flux for approximatelv 1 h, 
hut accurately record the time length of irradiation. 

(7) Irradiate the rat phantom in the identical positiop for the same 
length of time . 

(«) Count both the rat and the rat phantom by the Nal(Tl) crystal^ 

spectromcie r at approximately the same time after their* re.^peclive 
irradiation. Determine the count rate by integration of the area 
under* the? total absor*ption peak on the gainrrTa ~ i*ay 

spccti’um. 

(i>) Calculate the weight of \a in the r*at by the following propoi*tion 

weignt of Xa in rat _ *'rat 
weight of \n in phan[^ ' 

wher*e r = net count r*ate» 

(10) i:xpr*ess Xa^ as % of body weight. 'I*he value should be appi*oximatelv 
O.M%. 

(11) I’r*orn inspection of the gamma- r*ay spectra, what otlu‘r ratiio- 
ruiclides wcr*e produced in tlio rat by the neutron i i*r*adiation^ Could 
total body Cl, Ca or K bo estimated by the same teebnioue'? 



IC D(*lor*niination of e>;c:hangeal>le sodium in the r*at 
nd ec|iiipment 

(1) Hat - prefcM'ahly the same rat as used in ]>art A of this exper'irnent. 
(‘J) - hX’a solution of high sjiocific activity, 

(•^) Hat rnelaboli-sm cage. 

f-l) Xs'il (Tl) scintillation cr*ystal- spectrometer'. 

( r>) I’darne pliotomOler*. 

Oil) of tlie liquid- scintillation- counter* type, 

'i 



(1) Inject a known volume of ^■^Va solution (approximately 2 nCi) i nt ra- 
pe r*i lone ally into the r*at. Put the i*at in the metabolic cage and b.egii 
iir'ine collection. 

(w) Inject an identical volume of the dose into a licjuid - scinlill atiori 
courHing vial. .Make up to 15 ml with water*. 

(2) After :i! hs'i^t b h withdr*aw appr*oximately 1 ml of blood from the r*at 
by lusiil [umclur*e or* fi'oiTi the Udl vein. 
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(•1) (’(Mitri fuge the hlootj am) pipette an aliquot of j)lasma into a eoulltin^ 
vial. Make up to 15 ml with clistillod water aiui count on the 
scintillation crystal, 

(5) Determine the Xa concentration in the plasma sample hy flame 
pliotonietry and calculate the specific activity. 

((>) (.:oiint the vial containing an itlentical volume of the dose. 

(7) Wasli down tlie metaholic cage with water into the urine- collection 
vial. Make up to 15 ml and count, 

(1>) t’orrect all net count rates to an arhitrary initial time. 

(P) Calculate \a^ as follows 



where = net count rate of dose 

*’cxcrctcd count rate of do.se excreted 

a = .specific activity of plasma in cpn./ml\q, 

(10) If ])art A was completed, calculate tlie ratio Xa^./>Ja^, 

(11) How can it lie proven that the iipn-exchangeahle pool of \a is in 



'•jose~ 

a (cpm / mKq) 



i)one*^ 



\ 
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